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The nationwide highway maintenance resource costs, including labor,
material and equipment, have significantly risen in recent years and the
upward trend seems to continue, as shown in Figure 1.1. Revenues, however,
have not kept up with the cost increase. With the constrained revenue situa-
tion, maintenance budget of many highway agencies has become increasingly lim-
ited. For example, in Indiana, while total highway revenue remained stable,
disbursement for maintenance and operation considerably declined during the
past several years, as shown in Figure 1.2.
To prolong the service life of existing highway pavements and to defer
expensive major projects, the importance of routine maintenance is critical.
However, the increased need for routine maintenance has placed a challenge for
state highway agencies, because routine maintenance activities do not receive
any federal aid and states must carry out the task through state generated
revenues. Increased federal aid for major projects in recent years requires
increased matching funds from state sources, and thus if there are no addi-
tional funds from state revenues, less funds will be available for routine
maintenance. Consequently, routine maintenance productivity is receiving a
considerable attention from highway agencies at all levels of government.
Routine maintenance is a fuel intensive work, as shown in Figure 1.3. In
fiscal year 1984, Indiana Department of Highways (IDOH) spent an estimated
amount of $46.8 million in 1982 dollars for maintenance field activities.
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Figure 1.1 Cost Indices of Highway Maintenance and Operation
In the United States
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Figure 1.2. State Highway Revenues and Disbursements for Highways
















Figure 1.3 Estimated Shares of Three Major Cost Canponents for











About 12% of this cost was estimated to have been spent for fuel to operate
equipment units assigned to routine maintenance. Also, approximately 35% of
the total maintenance cost was spent for materials. Depending on the snowfall
of the year, the share of fuel cost becomes one-third to one-fourth of the
material cost when fuel is considered as a part of material.
Routine maintenance consists of various activities and requires different
types of equipment. It was found that fuel use is dependent on the interac-
tion of activity and equipment types. In order to plan effective energy con-
servation programs, it is first necessary to identify trends of fuel use by
maintenance activities and equipment and to determine which components of
highway routine maintenance have high fuel consumption rates. Efforts can
then first be directed to major fuel consuming activity-equipment combina-
tions.
Scope of the Study
This is the third and final report of a study entitled "Energy Conserva-
tion and Cost Savings Related to Highway Routine Maintenance." The first
interim report [1] discussed the results of a field survey aimed at the iden-
tification of fuel consumption by various types of equipment used in highway
routine maintenance activities conducted by IDOH. It presented two basic
groups of results: (1) fuel consumption rates for all possible activity-
equipment combinations as well as total fuel consumed per production unit of
each activity; and (2) the effect of factors such as location (subdistrict )
,
highway type, and season on fuel consumption. A summary of the first phase of
the study is presented in Chapter 2.
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The second interim report [2] presented an indepth analysis of pavement
routine maintenance costs. Based on a series of statistical analyses, cost
prediction models were developed for various pavement related maintenance
activities. It was found that an increased execution of crack sealing in fall
may reduce the amount of shallow patching on the same highway sections in the
following spring. The tradeoff equations developed were used to estimate the
extent of fuel consumption that can be expected due to a program of increased
sealing and thus reducing the need for post-winter patching. A summary of the
second phase of the study is included in Chapter 3.
The findings of the last phase of the study are presented in Chapters A,
5 and 6. Chapter 4 discusses the results of the trend analysis on fuel con-
sumption by various maintenance activities and equipment types in order to
identify major fuel consuming activities and equipment. Chapter 5 includes
the development of a fuel use optimization model and its application. In
Chapter 6, a set of broad guidelines is discussed that can be used in the con-
servation of fuel in highway routine maintenance. Chapter 7 presents conclu-




DATA COLLECTION AND ANALYSIS OF FUEL CONSUMPTION RATES
This chapter provides a sununary of the first phase of the study. This
phase involved data collection and analysis of fuel consumption rates for
various equipment types used in different routine maintenance activities. A
more detailed description of this phase of the study is given in Reference 1.
Motor fuel should be treated as a special resource that needs to be
effectively controlled. A careful management of motor fuel cannot be under-
taken, however, without detailed information regarding equipment utilization
and associated fuel consumption. Available information does not provide
either the degree of variability of fuel consumption between different equip-
ment types, or the variability of fuel consumption for the same equipment when
used in different maintenance activities. Furthermore, the current informa-
tion of equipment utilization in the IDOH is presented in terms of number of
hours or number of miles an equipment is used. These measures are not
detailed enough for maintenance management unless other supporting rates of
consumption are developed. Such rates as miles per gallon (mpg) or gallons
per hour (gph) are necessary not only to recognize the amount of fuel con-
sumed, but also to identify the degree of use of a particular equipment. This
information can then be used to formulate strategies that can achieve improved
equipment utilization and thus can save energy and maintenance costs. The




Although the primary objective of the first phase of the study was to
develop new standards for maintenance equipment fuel consumption, it was
decided to consider also the calculation of unit costs for the other two
resources, material (other than motor fuel) and labor. This was done for two
reasons: (i) to update the current material and labor standards, if neces-
sary; and (ii) to determine the share of fuel cost in the total cost of under-
taking a routine maintenance activity.
Field data were collected in the present study using the existing system
of maintenance data recording of the IDOH with some modifications. The
current data recording system consists of filing work records on a card called
a crew day card. Each time a crew performs an activity all necessary informa-
tion is recorded on a crew day card. Information recorded on such cards
includes: (i) routine maintenance activity type; (ii) location where the
activity was performed; (iii) date; (iv) number of crew members and
corresponding man-hours; (v) equipment used and corresponding miles or hours;
(vi) materials used and corresponding quantities; and (vii) total accomplish-
ment (production units).
Six subdistricts were chosen within the six districts of the IDOH for
field data collection. The location of these subdistricts is shown in Figure
2.1. The current data recording system of the IDOH does not include any
information about the amount of fuel consumed by different equipment types.
To provide fuel use data for this study, the subdistrict managers were
instructed to fill each equipment with fuel before and after each job. The
difference was to be recorded on the same crew day card with other associated
activity data.
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Figure 2.1. Locations of Subdistricts Included in the Study
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To avoid bias toward a specific period of the year, the data collection
was spread over the entire fiscal year 1981-1982. The year was divided into
four basic work seasons: fall, winter, spring, and summer. During a particu-
lar season, the data were collected over an extended period. For example, the
fall data were collected for about six weeks during October and November,
1981, the winter data in a period of eight to ten weeks between December, 1981
and April, 1982, the spring data in a period of six weeks between April and
May, 1982, and the summer data in a period of six weeks between May and July,
1982. By spreading the sample data over the entire fiscal year, it was
ensured that those activities with seasonal peaks would be appropriately
represented. For instance, about 50% of the total production units of shallow
patching activity is accomplished in the spring season, while machine mowing
is concentrated in the summer.
The data were screened and about 15% of the total sample size was
excluded for one or more of the following reasons: (i) more than one activity
reported on the same crew day card; (ii) missing information, such as number
of gallons consumed by one or more equipment; or (iii) when obvious recording
mistakes were detected.
Table 2.1 shows the different routine maintenance activities included in
the maintenance management system of the IDOH, along with their code numbers
and units of measure. The list of equipment types used in maintenance activi-
ties is shown in Table 2.2 along with the code numbers.
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Table 2.1 Routine Maintenance Activities Included in the Study
Code No. Activity Name Work
Category *
Unit of Measure




204 Full width shoulder seal
205 Seal coating
206 Sealing longitudinal cracks & joints
207 Sealing cracks
209 Cutting relief joints
210 Spot repair of unpaved shoulders
211 Blading shoulders
212 Clipping unpaved shoulders
213 Reconditioning unpaved shoulders
214 Joint and bump burning
219 Others
UL Tons of mix
UL Tons of mix
















224 Seeding and/or fertilizing
225 Topping, trinmiing or removal of
long trees
226 Stump removal
227 Spot mowing and hand trimming












231 Clean and reshape ditches
232 Inspect minor drainage structures
233 Pipe replacement
234 Motor patrol ditching




















Table 2.1 Routine Maintenance Activities Included in the Study
(continued)
Code No. activity Name Work Unit of Measure
Category *
V. Traffic Control
251 Subdistrict sign maintenance








VI. Winter and Emergency
261 Emergency maintenance
263 Snow and ice removal
265 Stockpiling winter materials








271 Rest area and lift bridge attendant
272 Roadside park, rest area, and weigh
station maintenance
273 Work of Department of Natural
Resources
274 Work for state institutions
275 Full width litter pickup












281 Equipment repairs and maintenance
283 Buildings and grounds maintenance
284 Materials handling and storage
287 Detour maintenance




















* Work Category: UL = Unlimited category
V = Variable category
L = Limited category
OH = Overhead category
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Table 2.2 List of Equipment Used in Routine Maintenance Activities
Code No. Equipment Type Code No. Equipment Type
1 Pickup truck 41 Paint machine
2 Pickup crew cab 42 Tractor truck
3 Aerial basket truck 43 Tractor mower
4 Flatbed truck 44 Compressor
5 Water truck 45 Mixer
6 Bucket truck 46 Squeegee cart
7 47 Flashing arrow board
8 48 Porta patcher
9 Dump t ruck 49 Jeep
10 Do-all truck 50 Lowboy trailer
11 51 Trailer
12 52 Pavement cutter
13 Tar kettle 53 Chemical spreader
14 Premix storage trailer 54 Maintainer
15 Burner unit 55 Back blade
16 Paver 56 Berm drag
17 Widener 57 Undeck body
18 Jack hammer 58 Broom tractor
19 Portable roller 59 Weed eater
20 Roller 60 Rotor tiller
21 Street sweeper 61 Rack truck
22 Broom 62 Pole truck
23 Backhoe 64 Gradall
24 Excavator 65 Pavement breaker
25 Grader 66 Semi trailer
26 Loader 67 Dozer
27 Snow blow 68 Whocker
28 . Chip spreader 69 Crawler
29 Salt spreader 70 Vermeer cutter
30 Underbody scrapper 71 Ave -a11
31 Brush chipper 72 Sewer jet
32 Stump cutter 73 Crane
33 Auger/driver 74 Stake truck
34 Lawn mower 75 Generator
35 Hand mower 76 Port line marker
36 Chain saw 77 Van
37 Concrete saw 78 Sewer vector




Results of the Data Analysis
Calculation of Fuel Consumption Rates and Costs
In this group, fuel consumption rates and costs were computed along with
the ratio of fuel cost to total cost or to material cost. Total cost of an
activity was defined as the sum of labor, material (other than fuel), and fuel
(equipment) costs. Although the IDOH already has good standards (unit costs)
for both labor and material (other than fuel), it was decided to determine
these unit costs on the basis of the field sample data collected in this
study. This way the current rates can be further checked and a uniform and
unbiased set of cost data can be developed for the computation of ratios of
fuel cost to other resource costs.
Cost Computation Procedure
The general form of cost calculation of an activity is given by:
T, = E E f. . * R. . * C^. (2.1)
k ^ ijk 13k ij
where,
T = total cost in dollars per production unit of the k
activity;
f = usage factor of the j element of the i resource
iJ k
th
when used in accomplishing the k activity;
R , = rate of consumption of the j element of the i
th .
resource required to produce one unit of the k activity;
C . = unit cost of the j element of the i resource.
The usage factor, f . ., , is calculated asijk
f =^ (2.2)^jk Nj^
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where,
n. ., = total number of jobs observed using the j element of
of i resource in the k activity;
N = total number of jobs in the k activity.
Finally, the consumption rate, R




U. ,, = total number of units of the j element in the i
ijk -J
resource when used in the k activity;
P, = total number of units produced of the k activity.
The computational procedure can best be illustrated by an example. Con-
sider Activity 201 (shallow patching). The computations of labor, material,
and fuel costs for this activity are presented in Table 2.3.
The usage factor (f..,. Equation 2.2) represents the frequency of use of
\ ij k
certain resource element. For example, the usage factor of the first element
(j=l) of the first resource (i=l), namely maintenance worker IV, is 5.0. This
means that in the 342 jobs of activity 201 (shallow patching) there was a
total of about 1710 maintenance workers of category IV, resulting in an aver-
age of 5.0. Similarly, in the 342 jobs where activity 201 was conducted (in
the sample), a total of 311 dump trucks was used; the corresponding usage fac-
tor is therefore 0.91 for the 6 element ( dump truck ) in the 3 resource
(equipment).
Rate of consumption is the average number of units of a certain resource
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2.3). For example, to calculate the consumption rate of fuel for a dump truck
when used in activity 201, the total number of gallons consumed by all dump
trucks in the 342 jobs of this activity (U. , Equation 2.3) was calculated
ijk
and found to be equal to 3640.4 gallons. On the other hand, the total number
of activity 201 units produced in the 342 jobs was found to be 1180 tons of
mix (P , Equation 2.3). Thus, by applying Equation 2.3, the average fuel con-
sumption rate of a dump truck when used in activity 201 is about 4.78 gallons.
Application of Equation 2.1 in this example results in a total cost of
$114.39 per production unit of Activity 201 (1981-1982 unit costs). The fuel
cost per production unit is $9.32 and the total materials cost (including
fuel) per production unit is $36.62. Therefore, the motor fuel cost, as a
single material item, represents about 25% of the total material costs, and
nearly 8% of the total cost for shallow patching activity.
The above calculations were repeated for all other activities considered
in this study. A summary of the results is given in Table 2.4. In addition,
Table 2.4 provides a comparison between different activities in terms of fuel
and material (other than fuel) costs per man-hour. Man-hour was chosen as the
unit for this comparison because it is common in all activities. On this
basis, the high fuel consuming activities could be divided into 3 groups: (i)
activities with high degree of equipment involvement in their operations such
as Activities 203, 204, 205, 212, 213, 226, and 231 (refer to Table 2.1 for
activity names); (ii) winter activities such as 263, 265, and 266; and activi-
ties which involve long distance driving such as 284 and 289.
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Table 2.4 Summary of Resource Costs
Activity Aw. Fuel Cost Av. Material Cost /\v. Labor Cost Ave. Total Cost Av. Man-Hours Av. Fuel Cost Av. Material Cost
Nuaber Per Prod. Unit Per Prod. Unit Per Prod. Unit 1Per Prod. Unit Per Prod. Unit Per Man-Hour Per Man-Hour
201 9.32 27.3 77.77 114.39 13.39 0.70 2.04
202 8.88 25.98 31.77 66.53 5.32 1.67 4.88
203 5.30 25.34 13.93 46.07 2.31 2.30 11.64
204 8.16 77.56 19.55 105.37 3.16 2.58 24.51
205 89.74 1435.41 158.32 1583.47 25.49 3.52 56.30
206 8.25 55.00 49.72 113.97 7.99 1.03 7.01
207 24.41 114.54 156.85 305.90 28.72 0.85 3.99
209 0.55 2.14 2.67 5.36 0.44 1.24 4.87
210 2.26 4.10 7.55 13.91 1.30 1.74 3.15
211 2.80 12.49 15.29 2.10 1.34
212 55.51 147.00 202.51 23.86 2.33
213 63.43 305.86 152.45 531.45 25.57 2.38 11.47
2I« 2.24 1.09 25.15 28.48 4.18 0.53 0.26
219 0.56 3.10 5.85 9.51 1.00 0.56 3.10
221 1.95 5.55 8.60 1.13 1.73
222 0.78 5.99 6.77 1.00 0.78
223 0.88 15.55 5.95 22.48 1.00 0.88 15.55
224 0.23 7.03 5.95 13.21 1.00 0.23 7.03
225 21.69 106.48 128.17 17.37 1.25
226 5.30 14.08 19.38 2.37 2.24
227 0.80 5.95 6.75 1.00 0.80
228 0.17 1.24 1.13 2.54 0.19 0.87 5.45
229 1.48 5.93 7.41 1.00 1.48
231 0.24 0.03 0.58 0.85 0.10 2.49 0.31
232 0.27 3.72 3.99 0.61 0.45
233 55.20 749.41 365.81 1180.42 61.27 1.05 12.23
234 82.13 349.50 431.53 57.20 1.44
235 4.06 24.05 28.11 4.03 1.01
239 0.86 3.82 5.88 10.56 1.00 0.85 3.82
241 5.69 46.60 52.29 7.93 0.72
243 0.62 2.10 6.10 8.82 1.00 0.62 2.10
244 2.31 20.50 22.81 3.42 0.67
245 1.01 0.49 5.43 5.93 0.92 1.10 0.53
249 0.62 11.09 5.85 17.55 1.00 0.62 11.09
251 1.09 5.10 6.20 12.39 1.00 1.09 5.10
257 0.79 2.82 5.00 9.51 1.00 0.79 2.82
258 0.92 6.20 7.13 14.25 1.21 0.75 5.11
259 1.21 5.92 7.13 1.00 1.21
261 1.83 1.00 6.10 8.93 1.00 1.83 1,00
263 5.25 22.46 5.50 34.21 1.00 5.25 22.45
265 2.01 5.76 7.77 1. 00 2.01
266 3.58 5.57 9.25 1.00 3.58
269 0.81 0.23 5.84 5.88 1.00 0.81 0.23
271 0.98 5.40 5.38 1.00 0.98
272 0.98 5.67 6.55 1.00 0.98
273 0.65 4.88 5.00 11.53 1.00 0.65 t.8«
274 0.65 2.17 5.89 8.71 1.00 0.65 2.17
275 2.59 17.95 20.54 3.17 0.82
276 0.98 5.57 5.55 1.00 0.98
277 0.80 6.17 5.97 1.00 0.80
279 1.98 5.67 7.65 1.00 1.98
281 5.00 5.00 1.00
283 1.64 6.00 7,64 1.00 1.54
284 3.73 5.95 9.68 1.00 3.73
287 1.08 6.10 7.18 1.00 1.08
289 2.86 6.10 8.95 1.00 2.86
291 1.86 30.80 6.30 38.95 1.00 1.86 30.80
295 0.63 9.56 6.30 15.49 1.00 0.63 9.56
296 1.64 14.90 5.30 22,84 1.00 1.64 14.90
112 8.00 8.00 1.00
117 5.00 5.00 1.00
120 6.00 6.00 1.00
900 5.50 5.50 1.00
1. All costs are based on 1981-1982 prices.
2. Refer to Table 2.1 for activity names.
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Factors Affecting Fuel Consumption
Two major factors that affect fuel consumption rates in maintenance
activities are: (i) frequency of use of individual equipment; and (ii) con-
sumption rate of individual equipment. The effect of highway type and of sea-
son on each of these factors was also considered.
Equipment Frequency of Use
The usage factors (f,., , Equation 2.1) for all activity-equipment combi-
nations were computed. Several cases were studied to determine whether the
frequencies of equipment use on Interstate System (IS) differ from those on
Other State Highways (OSH). A close examination of the usage factors
developed from the field data indicated that frequency of use of an equipment
was independent of highway type.
The next analysis of equipment usage was carried out to examine the vari-
ation between subdistricts. In fact, a significant variation by subdistrict
was noted in more than 50% of the activities. However, for the purpose of
illustration, we consider here five most frequently undertaken activities.
These activities are 201, 221, 231, 251, and 276 (refer to Table 2.1 for
activity names). For each activity we chose the most frequently used equip-
ment (highest usage factor). The results concerning the usage factors for the
different cases considered are illustrated in Figures 2.2 through 2.6.
It is obvious from these figures that the frequency of use of an equip-
ment can vary significantly from one subdistrict to another. Consequently,
the individual values for each subdistrict can also differ considerably from
the total average. To illustrate, consider the case of Activity 201, as shown
in Figure 2.2. The usage factor for a dump truck. in subdistrict number 1
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for subdistrict 4 and 1.50 for subdistrict 6. Similar results can be seen for
the other four cases, as presented in Figures 2.2 through 2.6. There are
also other numerous cases that indicate a variation between subdistricts in
their degree of equipment usage frequency. This fact should be kept in mind
in the evaluation process, as this variation can greatly affect the total
number of gallons per production unit of an activity.
The last factor that was investigated is the season (time of year when an
activity was performed). The same activity-equipment combinations used in the
previous analysis (Figures 2.2 through 2.6) were utilized in the present
analysis.
The main conclusion arrived at in this analysis is that equipment usage
factors vary in many cases from season to season. This is primarily because
the availability of an equipment for a given activity is limited by the com-
petition between several activities being undertaken during the same season.
For example, considering Activity 201 (shallow patching), the usage factor of
a dump truck is less in winter than in summer (see Figure 2.7). This differ-
ence can be attributed to the fact that during the winter months the use of
the available dump trucks for snow removal and ice control is given higher
priority over other activities. The variation in other equipment usage fac-
tors by season is illustrated in Figures 2.8 through 2.11.
Rates of Equipment Fuel Consumption
Rate of fuel consumption of an equipment when used in an activity is
defined as the number of gallons consumed by this equipment to accomplish one
production unit of the activity. The summation of these rates for all equip-
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for the particular activity.
Consumption rates of an equipment usually vary from activity to activity.
This is usually so because of the difference in the nature of work conducted
by the same equipment in different activities. A good factor to analyze such
differences is the equipment operational rates related to fuel consumption,
such as miles per gallon (mpg) or gallon per hour (gph). For example, in Fig-
ure 2.12 are shown the operational rates for a dump truck when used in dif-
ferent activities, while Figure 2.13 shows similar results for a loader. The
two equipment types, dump truck, and loader, are discussed here as examples;
however, the available data would allow an analysis of this pattern of varia-
tion for any other equipment types.
It is obvious that an assumption of equal operational rates for a mainte-
nance equipment in different activities can be misleading. To illustrate,
consider Figure 2.13 where the loader operational rates are shown. In
Activity 202 (deep patching), 0.94 gallons per hour is the operational rate,
contrasted to 2.67 and 2.13 gallons per hour for Activities 212 and 234,
respectively. It is clear that the work conducted by a loader in Activity 202
is much simpler than that performed in Activity 212 or 234, where more gallons
per hour are consumed. Similarly, a dump truck (Figure 2.12) would show more
miles per gallon in those activities that have less idling.
The first analysis on operational rates of fuel consumption was to exam-
ine if these rates differed by type of highway. A a relatively small number
of data observations was available for jobs done on Interstates. This is
because the number of units accomplished in most activities on the Interstate
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(OSH). This can be confirmed by the fact that only 10% of the total routine
maintenance expenditures in 1981-1982 was on the Interstate system.
The limited available data for the Interstate system did not cover all
activity-equipment-highway type combinations. Only 20 separate statistical
tests were therefore applied. Each test is defined by the season, activity
number, subdistrict number and equipment number. A list of these tests is
shown in Table 2.5. The reason for considering the above elements in defining
each test is to eliminate the effect of factors other than highway type. So,
in each test the operational rates of an equipment type in both Interstate and
Other State Highways were statistically compared, and the results are reported
in the last column in Table 2.5. A "Yes" means that average values of opera-
tional rates in the two systems is significantly different at a level of con-
fidence of 90% or 95%. To illustrate, consider Test 15. This test was to
compare the output rates (mpg) of a dump truck (Equipment 2.9) for shallow
patching (Activity 201) on Interstate and Other State Highways within Subdis-
trict 5, performed in spring season. It was found that average operational
rates on the two highway systems are significantly different. It is clear
that the general trend is a higher rate of fuel consumption on Interstate sys-
tems. Out of 20 tests, 17 tests indicated a significant difference between
the two highway systems with a higher fuel consumption rate for the Interstate
system.
It should be noted that the results are based on a relatively small
number of Interstate observations and not all activities were covered by the
comparison tests. However, the results point out the importance of a careful
study of the management units (subdistricts) that have a large portion of
Interstate mileage in their highway system. These subdistricts may need to
- 28 -
Table 2.5. Tests to Compare Operational Rates of Fuel
Consumption in















1 Fall 207 2 1
4
mpg 3.02 4.49 Yes
2 Fail 207 2 2 mpg 3.59 4.83 Yes
3 Fall 207 2 9 mpg 0.84 1.86 Yes
t, Fall 207 2 44 gph 5 1.80 1.50 Yes
5 Fall 251 1 8 npg 7.89 8.80 Yes
6 Fall 276 1 9 mpg 3.49 4.37 Yes
7 Fall 276 2 1 mpg 8.29 7.69 No
3 Fall 276 5 1 mpg 9.50 10.41 Yes
9 Fall 276 5 9 mpg 4.13 5.12 Yes
10 Fall 277 5 1 mpg 11.02 12.22 Yes
11 Fall 277 5 2 mpg 6.33 6.48 No
12 Winter 207 2 2 mpg 3.70 5.58 Yes
13 Winter 207 2 9 mpg 2.30 2.81 Yes
14 Spring 201 1 2 mpg 4.03 5.46 Yes
15 Spring 201 5 9 mpg 2.07 2.91 Yes
16 Spring
i
222 5 36 gph 0.46 0.50 No
17 Spring 241 5 1 mpg 6.74 5.70 Yes
18 Spring 275 5 9 npg 2.60 3.65 Yes
19 Spring 277 5 44 gph 2.17 2.88 Yes
20 Spring 279 5 9 npg 3.05 4.85 Yes
1 Refer to Table 2.1 for activity names
2 Refer to Figure 2.1 for subdistrlct names and locations
3 Refer to Table 2.2 for equipment types
4 Miles per gallon
5 Gallons per hour
6 Yes: The averages are significantly different
(at 90% to 95%
levels of confidence)
No: The averages are not significantly different
(at 90% to
95% levels of confidence)
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use more fuel in their operations than those with low amount of Interstate
mileage because of the precautionary work necessary to ensure safety.
The second analysis was carried out to investigate the effect of the time
of year (season) on equipment fuel consumption rates. This is the effect of
season on the number of miles per gallon or gallons per hour consumed by an
equipment when used in an activity. The approach adopted in this analysis was
identical to that of the previous analysis. Statistical comparison tests were
employed to determine if the equipment operational rates were actually
affected by the season. Each test is defined by activity, subdistrict, equip-
ment, and season. A total of 138 tests were applied in this analysis. A list
of these tests is given in Table 2.6. Tests 1 through 42 were used to com-
pare fall and winter seasons, Tests 43 through 96 to compare fall and spring.
Tests 97 through 129 to compare fall and summer, and Tests 130 through 138 to
compare spring and summer. For example, consider Test 10. This test was used
to compare the miles per gallon consumed by a dump truck in the fall and
winter seasons for Activity 207 performed in Subdistrict 2. The test indi-
cated that the average fuel consumption rates of a dump truck during these two
seasons for crack sealing are significantly different, with a higher fuel con-
sumption rate in winter.
In comparing the fall versus winter seasons, 31 out of 42 tests showed a
significant difference between the two seasons (indicated by "Yes" at the last
column in Table 2.6), with higher rates of consumption in winter, at a confi-
dence level of 90% or 95%. Stated differently, less miles per gallon or
higher gallons per hour can be expected when an equipment is used to perform a
particular activity in winter than in fall.
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Fall Winter Spring Summer
1 201 2 2
4
mpg 8.26 7.29 Yes
2 201 2 9 mpg 3.01 2.97 No
3 201 4 2 mpg 8.78 6.23 Yes
4 201 4 9 mpg 3.98 2.84 Yea
5 201 6 2 mpg 8.65 5.89 Yes
6 201 6 9 mpg 3.40 2.57 Yes
7 201 6 47 gph^ 1.08 0.35 Yes
8 207 2 1 mpg 4.24 2.00 Yes
9 207 2 2 mpg 5.34 4.68 No
10 207 2 9 mpg 2.73 1.67 Yes
U 210 2 1 mpg 8.02 8.31 No
12 211 2 10 mpg 2.40 2.37 No
13 225 2 2 mpg 8.93 7.00 Yes
14 225 2 9 mpg 3.57 3.33 No
15 232 2 1 mpg 7.59 6.94 Yes
16 235 6 1 mpg 11.31 7.94 Yes
17 239 2 1 mpg 8.83 4.44 Yes
18 251 2 8 mpg 8.24 . 8.38 No
19 251 4 8 mpg 6.44 6.44 No
20 251 6 8 mpg 8.92 8.00 Yes
21 261 4 1 mpg 8.90 4.91 Yes
22 261 4 9 mpg 4.29 2.42 Yes
23 261 5 mpg 13.67 12.05 Yes
24 265 2 26 pgh 1.25 2.04 Yes
25 265 4 26 gph 1.58 4.30 Yes
26 276 2 mpg 9.38 7.78 Yes
27 276 2 mpg 5.91 4.31 Yes
28 276 4 npg 12.09 11.13 No
29 276 4 opg 9.56 6.47 Yes
30 276 6 mpg 15.27 12.94 Yes
31 276 6 mpg 15.10 13.41 Yes
32 276 2 mpg 7.78 9.38 No
33 276 2 mpg 5.91 4.31 Yes
34 284 6 mpg 11.60 12.40 No
35 284 6 26 gph 1.42 1.30 Yes
- 31

















Fall Winter Spring Sunmer
36 289 2 1 mpg 11.67 9.60 Yes
37 289 2 9 mpg 5.20 4.81 No
38 289 2 25 gph 1.67 3.00 Yes
39 289 4 9 mpg 5.00 3.35 Yes
40 289 4 10 mpg 3.76 3.33 Yes
41 289 6 8 mpg 6.62 3.00 Yes
42 289 6 9 mpg 5.36 4.67 Yes
43 201 1 2 mpg 8.18 5.54 Yes
44 201 1 9 mpg 4.01 2.84 Yes
45' 201 1 10 mpg 3.93 3.14 Yes
46 201 1 12 gph 0.40 0.40 No
47 201 2 2 mpg 7.50 7.29 No
48 201 2 9 mpg 2.97 2.62 Yes
49 201 2 10 mpg 3.35 2.62 Yes
50 201 4 1 ; mpg 10.38 9.91 No
51 201 4 2 mpg 8.78 6.27 Yes
52 201 4 4 mpg 7.46 5.27 Yes
53 201 4 9 mpg 3.98 2.95 Yes
54 201 5 2 mpg 8.75 7.98 Yes
55 201 5 9 mpg 4.18 4.74 No
56 201 6 2 mpg 8.65 7.96 Yes
57 201 6 9 mpg 3.40 3.30 No
58 201 6 10 mpg 2.85 2.78 No
59 207 4 2 mpg 8.54 5.44 Yes
60 207 4 7 mpg 3.56 2.43 Yes
61 207 4 9 mpg 2.76 2.65 No
62 207 4 44 gph 2.62 3.19 Yes
53 211 5 1 mpg 7.49 7.39 No
64 211 5 25 gph 1.90 1.99 Yes
65 222 5 2 npg 9.71 8.06 Yes
66 222 5 9 mpg 4.74 3.37 Yes
67 222 5 36 gph 0.24 0.46 Yes
68 231 5 1 mpg 7.77 7.70
No
69 231 5 9 mpg 2.42 1.77 Yes
70 233 5 2 mpg 9.17 7.96 Yes
71 233 5 9 npg 3.66 3.21 No
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Fall Winter Spring Slimmer cance
72 233 5 23 gph 1.50 1.70 Yes
73 251 4 8 mpg 6.44 5.37 Yes
74 251 5 8 mpg 8.84 8.10 Yes
75 261 5 9 mpg 3.28 2.39 Yes
76 269 5 2 aipg 13.16 9.42 Yes
77 269 5 9 mpg 4.60 3.60 Yes
78 269 5 53 mpg 3.33 2.40 Yes
79 272 5 2 mpg 11.45 8.31 Yes
80 272 5 9 mpg 5.31 3.61 Yes
31 275 5 9 mpg 3.91 2.24 Yes
82 276 4 2 mpg 9.60 9.00 Yes
83 276 4 9 mpg 5.00 4.70 No
84 276 5 1 mpg 10.05 9.40 Yes
85 276 5 9 mpg 4,79 3.77 Yes
86 277 4 2 mpg 6.43 5.41 Yes
87 277 *4 9 mpg 2.61 1.53 Yes
88 277 4 26 gph 1.67 3.00 Yes
89 277 5 1 mpg 11.54 7.08 Yes
90 277 5 2 mpg 11.85 6.40 Yes
91 284 4 7 mpg 4.21 3.15 Yes
92 284 4 9 mpg 3.63 3.53 No
93 289 4 9 mpg 5.00 4.30 No
94 289 4 10 mpg 3.76 1.19 Yes
95 289 4 74 mpg 10.22 8.11 Yes
96 289 5 42 mpg 3.44 3.66 No
97 201 1 2 mpg 8.18 6.65 Yes
98 201 1 9 mpg 4.01 3.85 No
99 201 1 10 mpg 3.93 3.48 No
100 201 1 12 gph 0.40 0.33 No
101 201 2 2 mpg 7.29 9.07 Yes
102 201 2 9 mpg 2.97 2.93 No
103 201 4 2 mpg 8.78 6.81 Yes
104 201 4 9 mpg 3.98 3.99 No
105 202 1 2 mpg 4.43 2.63 Yes
106 206 1 9 mpg 7.35 3.56 Yes
107 206 4 9 mpg 3.54 2.76 No
108 206 4 44 gph 0.90 1.57 Yes

















Average Fuel Consumption rest
Signifl-
lanceFall Winter Spring Summer
110 210 1 9 mpg 2.06 3.75 No
111 210 1 10 mpg 2.99 3.48 No
112 221 1 2 mpg 9.27 7.14 Ye3
113 221 1 42 gph 1.28 1.21 No
114 221 1 59 gph 0.20 0.27 No
115 221 6 2 mpg 11.24 9.16 Yes
116 221 6 42 gph 1.15 1.22 No
117 222 4 2 mpg 8.87 7.34 No
118 222 4 36 gph .13 0.29 Yes
119 227 4 1 mpg 7.80 2.03 Yes
120 251 4 8 mpg 6.44 6.63 No
121 257 4 8 mpg 9.56 7.45 No
122 276 4 1 mpg 12.09 16.66 Yes
123 277 4 2 mpg 6.43 3.90 Yes
124 277 4 9 mpg 2.61 1.49 Yea
125 284 4 9 mpg 3.63 3.89 No
126 289 4 2 mpg 9.36 12.00 Yes
127 289 4 9 mpg 5.00 5.00 No
128 289 4 10 mpg 3.76 3.66 No
129 289 4 77 mpg 14.2 15.61 No
130 231 4 1 mpg 2.75 7.67 Yes
131 231 4 2 mpg 3.81 7.22 Yes
132 231 4 9 mpg 2.25 3.61 Yes
133 231 4 24 gph 6.40 8.94 Yes
134 239 4 9 mpg 3.44 2.83 Yes
135 251 4 8 mpg 5.37 6.00 Yes
136 277 4 2 mpg 5.41 3.90 Yes
137 277 4 9 npS 1.53 1.49 No
138 284 4 9 npg 3.53 3.89 No
1 Refer to Table 2.1 for activity names
2 Refer to Figure 2.1 for subdistrict names and locations
3 Refer to Table 2.2 for equipment types
4 Miles per gallon
5 Gallons per hour
6 Yes: Test is significant at 90% or 95% confidence level.
No : Test is not significant at 90% or 95% confidence level.
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Fifty-four tests were applied to compare fall and spring. Out of the 54
tests, 40 tests indicated a significantly higher fuel consumption rate in
spring than in fall.
For the comparison between fall and summer, 19 out of 33 tests showed no
significant difference between the two seasons, 9 tests indicated a higher
consumption rate in summer, and 5 tests indicated a higher rate in fall.
Consequently, no clear trend could be established for this group. The last
comparison was between spring and summer. Seven tests out of 9 indicated a
higher fuel consumption rate in spring than in summer.
Reviewing the results of the four test groups, it can be concluded that
the rate of fuel consumption by an equipment fleet is higher in the winter and
spring seasons than in fall and summer. However, the degree of that differ-
ence may vary between activities. A general conclusion is that for the com-
parison of the consumption rates, a year can be divided into two basic
periods, the first including winter and spring seasons, and the second includ-
ing fall and summer seasons. Jobs executed in the winter and spring seasons
were observed to consume more fuel than those performed in the fall and summer
seasons. Furthermore, fuel consumption rates are affected by highway type.
More fuel consumption can be expected for jobs carried out on Interstate sys-
tem than for jobs on Other State Highway system.
Chapter Conclusions
This chapter presented the results of the field study conducted to iden-
tify fuel consumption rates of various equipment types used in state highway
routine maintenance activities in Indiana. Based on the findings of the field
survey, the following conclusions can be made:
- 35 -
1. Motor fuel was the most expensive single material used in routine mainte-
nance activities in 1981-82. It is estimated that about 12% to 13% of the
costs for maintenance field activities can be assigned to fuel only. Con-
sidering the material costs, 26% to 27% can be attributed to fuel.
2. Routine maintenance activities in winter and emergency group consumed
about 43% of the total fuel use. The next highest consumption took place
in activities in roadway and shoulder group, where about 19% of total
fuel was consumed.
3. A major contributing activity in total fuel consumption in routine
maintenance is snow removal and ice control. In 1981-82 about 38% of the
total fuel used in routine maintenance was consumed in this activity.
4. The frequency of equipment use was found to be significantly different by
location (subdistrict) in at least 50% of the total number of activities.
Also, the frequency of use was found to be considerably different from
season to season. On the- other hand, no significant difference was
detected in the frequency of equipment use between Interstate and Other
State Highway maintenance activities.
5. The assumption of a standard fuel consumption rate for a given equipment
type was found to be arbitrary. It was observed that the majority of
equipment types have considerably different rates of fuel consumption
when used in different activities.
6. Although only a few observations were obtained from the Interstate sys-
tem, it was found that there is a general trend of a higher fuel consump-
tion rate in jobs done on Interstate system than those done on Other
- 36 -
State Highway system.
7. In general, more fuel is consumed in jobs done in winter and spring than
in those done in summer and fall.
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CHAPTER 3
ENERGY SAVINGS RESULTING FROM INCREASED PREVENTIVE MAINTENANCE
Introduction
This chapter is based on the second phase of the study that involved an
examination of pavement routine maintenance cost analysis. Here a particular
emphasis is placed on the development of tradeoff relationships between pave-
ment routine maintenance activities and the application of these relationships
in estimating the savings in direct fuel use in pavement maintenance. Two
major pavement routine maintenance activities were considered: patching
(corrective maintenance) and sealing (preventive maintenance). The results
showed that the higher the sealing level applied before winter, the lesser was
the patching level required after winter. The models took into consideration
different highway classes, pavement types and geographic locations. The
application example presented assesses possible cost savings in terms of sav-
ings in direct fuel consumption by a maintenance equipment fleet. A more
detailed description of this phase of the study is given in Reference 2.
Tradeoff in Highway Programming
The tradeoff concept is a central issue in highway system analysis
Including Pavement Management Systems (PMS), Maintenance Management Systems
(MMS), and other related areas. A tradeoff relation can be viewed as a means
to know how much of an alternative has to be sacrificed in order to gain some-
thing of another alternative.
In highway programming, tradeoff relations can be used to split the
available funds among different options at several levels. At the first
level, tradeoffs may be used to determine the split of total available funds
- 38 -
between state roads and other local roads followed by, at the second level,
tradeoff relations that can determine portions of available funds to be allo-
cated to specific highway classes (e.g. Interstates and Other State Highways
of the state roads). At the third level, tradeoffs may be used to distribute
available funds between major maintenance activities (Federally funded activi-
ties) and routine maintenance activities (state funded activities). Finally,
at the fourth level, tradeoffs may be used to split available funds among
specific maintenance actions, for example, resurfacing, rehabilitation, and
reconstruction as major maintenance actions; and crack sealing, pothole patch-
ing, and so on as routine maintenance activities. Of the above four levels,
the last one is the most significant for a Pavement Management System (PMS) as
well as for a Maintenance Management System (MMS ) . This is because the last
level deals with the allocation of funds to specific maintenance treatments.
This chapter addresses the tradeoff relations involving two pavement rou-
tine maintenance activities, namely, patching (corrective maintenance) and
sealing (preventive maintenance). Total pavement routine maintenance needs
are first Identified through a set of prediction models followed by tradeoff
relations indicating the split of total need among patching and sealing
activities. Finally, an example is presented showing the use of the tradeoff
models to assess possible cost savings in terms of savings in direct fuel con-
sumption.
Data Base
The state highway system of Indiana is divided into two categories:
Interstate and Other State Highways (OSH). In this study, the two highway
systems were further subdivided by geographic location (climatic zones) and by
- 39 -
pavement type. Two geographic locations, north and south, were included to
reflect the major climatic differences in Indiana. The pavement types con-
sidered were: flexible pavement, rigid pavement, and resurfaced pavement. All
data collection and analysis were conducted in terms of 820 sections where a
section is defined as the portion of a highway within county limits.
For each of the 820 sections, four major groups of information were sum-
marized: traffic, pavement characteristics, climatic zone, and pavement
maintenance records. Traffic information included average annual daily
traffic (ADT), percent of trucks, and the equivalent axle load (EAL). Pave-
ment characteristics included pavement type, layer thickness (es ) , and age.
Climatic zones included geographical areas with similar climate in terms of
snowfall, rainfall, temperature difference and so on. Finally, pavement
maintenance records included total production units, total man-hours, and
types and quantities of materials. Pavement maintenance information was sum-
marized for each highway section by activity and by fiscal year. The details
of the development of this data base are given in Reference 2. An important
feature of the study was that it used only those data that are routinely col-
lected by the Indiana Department of Highways [IDOH].
Model Description
In Indiana, rigid pavement is the major type on the Interstate system
(about 70% of total Interstate lane-miles), while flexible pavement and resur-
faced pavement are the major pavement types on the OSH system (about 90% of
total OSH lane-miles). The three categories constitute about 85% of the total
lane-miles of state highway system in Indiana. Consequently, enough number of
homogeneous sections of the same pavement type and other characteristics were
found in these categories resulting in 26 sections of Interstate rigid, 213
- 40
sections of OSH flexible, and 84 for OSH resurfaced. There were only a lim-
ited number of homogeneous sections in other pavement categories (five sec-
tions for Interstate flexible, eight sections for Interstate resurfaced and
five sections for OSH rigid), and most of these sections were found to be
located in the southern part. These limitations were considered in the sta-
tistical analysis described in Reference 2.
The general form of the total pavement routine maintenance cost predic-
tion model is given in Equation 3.1. The model parameters are presented in
Table 3.1.
Log^Q (TC) = m Log^Q (lEAL) + n Log^^ (ZEAL) * (Z) (3.1)
where
,
TC = total pavement maintenance cost in $/lane-mile/year
;
ZEAL = accumulated equivalent axle load applications during
the entire age of the pavement section (in thousands);
Z = dummy variable representing the location of the section.
(North or South)
The term E EAL * Z was introduced to measure the effect of the interac-
tion between traffic level and climatic zone.
Tradeoff Relations Between Patching and Sealing Activities
Cost models were developed for individual maintenance activity groups,
namely patching and sealing. The patching group included shallow patching and
deep patching. The sealing group included sealing longitudinal cracks and












































































































































































85% of the total pavement maintenance cost in Indiana and there is a high
correlation between patching and sealing performed in the same fiscal year.
The results of a detailed correlation analysis performed on the portions of
total cost allocated to patching versus those allocated to sealing for dif-
ferent highway categories and fiscal years resulted in a correlation value as
high as -0.65 as shown in Figure 3.1. The scheduling of different maintenance
activities in a fiscal year (July-June) adds a particular characteristic to
the correlation between patching and sealing. This is because sealing activi-
ties usually precede patching activities within a fiscal year. Sealing
activities take place in the late summer through fall, while patching usually
takes place during the spring season after the winter. Although there might
be some variation in scheduling of these activities, the majority of sealing
and patching jobs occur during the periods mentioned.
A high correlation between patching and sealing in a fiscal year is in
fact a one-way correlation that indicates that the amount of patching done in
a year is generally dependent upon the extent of sealing performed before the
winter. However, the sealing activity does not depend on patching activity.
The general type of regression models for patching and sealing follows
the form presented in Equations 3.2 and 3.3.
PS = a * Log (EEAL) + b Log (ZEAL) * Z (3.2)
PP = c * log „ (TEAL) + d log (SEAL) * Z + e * PS (3.3)
where,
PS = percent of total pavement maintenance cost allocated
to sealing group;
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Based on the percentages of total cost allocated to
sealing and patching activities.
Figure 3.1 Correlation Analysis of Sealing and Patching Activities,
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to patching group.
The model parameters for the six pavement categories are given in Table
3.2. The models indicate that although an increased traffic level requires an
increased level of pavement maintenance (patching and sealing) , the rate of
increase in the share of patching cost as traffic level increases is higher
than that in the share of sealing cost. Furthermore, it can be concluded that
patching level (amount of patching activities taking place after winter) is
negatively affected by the level of sealing (amount of sealing activities tak-
ing place before winter). That is, as more cracks are sealed before winter,
less patching is required after winter, primarily because of less potholes.
An Example of the Use of Tradeoff Models
The purpose of this section is to present one of the applications of the
tradeoff models. The example involves an assessment of cost savings in high-
way pavement routine maintenance in terms of direct fuel consumption. The
example given here considers the energy cost savings associated with the
tradeoff between preventive maintenance (sealing) and corrective maintenance
(patching).
Equation 3.3, discussed earlier, established that the extent of patching
under a given traffic level is a function of the extent of sealing performed
in the same fiscal year. The implication of this equation is that a higher
level of pre-winter preventive maintenance (sealing) can reduce the extent of
post-winter corrective or repair maintenance (patching). At the same time, it
was found that direct fuel consumption in terras of gallons per dollar spent in
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sequently, an increased level of sealing activities would not only reduce the
need for subsequent patching activities and thus improving the overall pave-
ment serviceability, but it would also cause savings in the direct fuel con-
sumption in pavement routine maintenance.
In this example, five scenarios were considered: increasing sealing level
by 5%, 10%, 15%, 20% and 25%. For each of these scenarios, total fuel con-
sumption in terms of gallons/lane-mile/year was calculated and then compared
to the current level of energy consumption to estimate the amount of energy
saved. With an increase in sealing activities, the fuel consumption for seal-
ing would increase. However, the increase in sealing activity would reduce the
level of patching and the corresponding decrease in fuel consumption would
more than offset the increase in fuel consumption due to the increased level
of sealing. The result would be a net savings in fuel consumption by the
maintenance equipment fleet. In the following paragraphs a detailed explana-
tion of the procedure to estimate energy savings at different traffic levels
is presented.
First, fuel consumption rates in terras of gallons per dollar spent in
both patching and sealing groups were developed to avoid the difference in
production units of the two groups, on the basis of results of the first phase
of the study. A summary of the resulting rates is presented in Table 3.3. It
can be seen in Table 3.3 that energy consumption levels of the patching group
are consistently higher than those of the sealing group.
Energy savings were then calculated for all highway categories under dif-
ferent traffic levels. For illustration, the case of Interstate rigid pave-
ment in the southern zone can be considered. Assuming a traffic level (accu-
- 47 -
Table 3.3. Energy Consumption Rates for Sealing and Patching
Groups
Highway Category




































mulated EAL) of 20,000,000, the computations are presented below:
a. From Equation 3.1 with appropriate parameters for Interstate rlj^ld pave-
ment, total pavement maintenance cost = 190.35 $/lane-mile/year
b. From Equation 3.2 with appropriate parameters for Interstate rigid pave-
ment, percent allocated to sealing = 42.15%
c. From Equation 3.4 with appropriate parameters for Interstate rigid pave-
ment, percent allocated to patching = 46.54%
d. Sealing cost = 0.4215 * 190.35 = 80.23 $/lane-mile/year
e. Patching cost = 0.4654 * 190.35 = 88.58 $/lane-mile/year
f. From Table 3.3, fuel consumption rates are:
0.094 gallons/$ of patching, and
0.065 gallons/$ of sealing.
Energy consumed in sealing = 80.23 * 0.065 = 5.22 gallons/lane-mile/year
Energy consumed in patching = 88.58 * 0.094 = 8.33 gallons/lane-mile/year
Total energy consumption = 13.55 gallons/lane-mile/year
g. For a 15% increase in sealing activity, the percent of total pavement
maintenance cost allocated to sealing is 48.47%
h. From Equation 3.4 with appropriate parameters for Interstate rigid pave-
ment, the corresponding patching percent is 40.23%
i. Repeating steps (d) through (f) the new total energy consumption is 13.19
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gallons/lane-mile/year resulting in a savings of 0.35 gallons/lane-
mile/year due to a 15% increase in the current level of sealing.
The above computations were repeated for all highway categories for each
of the five levels of sealing activity. The resulting fuel consumption sav-
ings for the major three highway categories, Interstate rigid pavement, OSH
flexible pavement, and OSH resurfaced pavement, are presented in Figures 3.2
through 3.4, respectively.
The information summarized in Figures 3.2 through 3.4 was then utilized
to estimate expected total energy savings for the state highway department of
Indiana under the five options of increasing sealing level. For example, con-
sidering Interstate rigid pavement in the north, with an average traffic level
of 25,000,000 accumulated EAL, a savings of 0.15 gallon/lane-mile/year can be
expected with 5% increase in sealing level. This is equivalent to about 0.85%
reduction from the current level. Similar computations were done for all
other highway categories under the average traffic level and the corresponding
percent reductions in energy consumption were calculated. These reduction
rates were then weighted by the percent of total lane-miles of each highway
category. The resulting weighted value was taken as the average percent
reduction in energy consumption for the entire state highway system. Under 5%
increase in sealing level, it was estimated that the average reduction in
energy consumption would be about 0.82%. The corresponding reduction rates
were 1.64%, 2.5%, 3.3% and 4.1% with an increase in sealing level of 10%, 15%,
20% and 25%, respectively. With an estimated 0.7 million gallons of direct
fuel consumption by equipment fleet in pavement maintenance activities [1],
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22,960 and 28,700 gallons under the five levels of increase in sealing
activity group, respectively.
All computations so far considered a fuel price of $1.05 per gallon as
paid by the IDOH in 1982. A sensitivity analysis was conducted to assess the
impact of fuel price ranging from $0.75 to $2.00/gallon. The results are
shown in Figure 3.5. It can be noted that the economic impact of increased
level of sealing is more pronounced at higher price ranges.
It should be mentioned here that the energy savings are only the direct
benefits of increasing the sealing level. However, there are several indirect
benefits associated with an increased program of preventive maintenance of
sealing. With an increase in the level of sealing, the required corrective
maintenance of patching is reduced indicating a lower level of pavement dam-
ages, such as potholes. A lower level of pavement damages would improve
traffic safety and provide a higher level of service to highway users with
less vehicle operating cost.
Chapter Conclusions
Based on the findings of this phase of the study, the following major
conclusions can be made:
1. There is a definite tradeoff relation between the amount of sealing
(preventive routine maintenance) and that of patching (corrective mainte-
nance). This tradeoff relation is negative in nature indicating that the
higher the sealing level applied before winter, the less pavement repair
is (patching) required after winter.
2. A direct cost savings in terms of reduction in fuel consumption by rou-
Figure 3.5 Cost Savings Due to Increase in Sealing Level
for the Entire State Highway System







10 15 20 25 30
Increase in Sealing Level {%)
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tine maintenance equipment fleet could be achieved by increasing the
level of sealing activity.
3. The developed tradeoff relations indicated that the level of service and
effectiveness of the routine maintenance dollars could be increased
through increasing sealing level which in turn results in a reduction in
the required pavement repair (less patching).
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CHAPTER 4
TRENDS OF FUEL USE IN ROUTINE MAINTENANCE
Introduction
There are various types of equipment used in performing different mainte-
nance activities. In planning for energy conservation in maintenance, it is
necessary to concentrate on those activities and equipment types that consume
the most fuel . The purpose of this chapter is to describe the results of a
trend analysis to determine whether there exist definite trends in the con-
sumption of fuel by activity type and by equipment type, and to identify the
elements of routine maintenance that should be the prime targets of fuel con-
servation efforts. The trend analysis was conducted on the basis of routine
maintenance accomplishment records of three consecutive years, 1982, 1983 and
1984. The accomplishment data were converted to fuel use estimates by using
the appropriate consumption rates presented in Reference 1.
Estimation of Share of Fuel Consumption
by Activity and by Equipment Type
In this analysis, 63 activity types and 79 equipment types were
evaluated. Activity types were grouped into eight major maintenance areas, as
shown in Table 2.1. A list of equipment types has been given in Table 2.2.
Three types of fuel use values were used in the trend analysis: (i) fuel share
by equipment type for an individual activity, (ii) fuel share by activity type
in total fuel consumption, and (iii) fuel share by equipment type in total
fuel consumption.
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Fuel Share by Equipment Type for Each Activity
Share of fuel consumption by equipment type in total fuel consumption for
an activity was calculated by the following formula. This value indicates how
much a particular equipment type contributes to the total fuel consumed for
completing one production unit of an activity.
R. .
S.j = F^^ * Y^ * 100 (4.1)
where,
S = Share of equipment type j in the total fuel
consumption of activity i, in percent
F . = Usage factor of equipment type j when used in
activity i
R . = Consumption rate (gallons per production unit)
of equipment type j when used in activity i
T. = Consumption rate (gallons per production unit)
of activity i
Usage factors can be defined as the number of units of an equipment type used
to perform a given activity in one working day. The values of F , R and T
were available from field survey data conducted in the first phase of the
study [1],
Fuel Consumption by Activity Type
Share of fuel consumption by activity type in total fuel consumption was
computed as shown below.
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n
A =100*P *T / r P *T (4.2)
where.
A = Share of activity type i in total fuel
consumption for all activities, in percent
P. = Total units of production of activity i
T = Consumption rate (gallons per production unit)
of activity i
n = Total number of activity types
Fuel Consumption by Equipment Type
Using Equations 4.1 and 4.2, the fuel share by equipment type in the
total annual fuel consumption was computed, as shown below:
n




E. = Share of an equipment type j in the total
fuel consumption for all activities, in percent
S.. = Share of equipment type j in the total fuel
consumption of activity i, in percent
A = Share of activity type i in the total fuel
consumption for all activities, in percent
n = Total number of activities
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Data Base and Assumptions
The unit usage factors developed In the first phase of the study [1] were
used as input to the present analysis on the assumption that the average usage
of equipment units remained the same over the last few years. This assumption
is valid as long as the field work practices of the maintenance crews did not
change. Also used were annual maintenance accomplishment record kept by the
Indiana Department of Highways [4]. The accomplishment records of three con-
secutive fiscal years, 1982, 1983, and 1984, were used in this trend analysis.
In Table 4.1 is shown a portion of the output of fuel consumption information
for various equipment types for each activity for FY 1984.
Results of Trend Analysis
A reasonably stable trend of fuel consumption was found among equipment
types during the fiscal years 1982, 1983, and 1984. Annually, approximately
4.0 to 5.5 million gallons of fuel were consumed by maintenance equipment
units used for field activities only. This value does not account for the
fuel used by field maintenance supervision. Currently, maintenance supervi-
sion is not recorded on daily report cards called the crew day cards.
In Figure 4.1 is presented the estimated annual fuel consumption by snow
and ice removal activity and by all other activities. While the fuel consumed
by all other maintenance activities remained the same, the fuel used in snow
and ice removal showed a wide variation, as this activity is entirely depen-
dent on weather. On the average, about 3.5 million gallons of the total
annual fuel consumption were used for regular maintenance activities whereas
the rest was spent for snow and ice removal. A mere reduction of one percent
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Figure 4.1 Estimated Fuel Consumption by Snow & Ice Removal
(Act. 263.1
and All Other Activities
Fuel m million gallons Act . 263
All others
FY82 FY83 FY 84
Fiscal Years
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gallons of fuel or approximately 36,750 dollars each year with the price of
fuel being $1.05 per gallon. The fuel cost savings can range from $26,250 to
$70,000 each year with the fuel price ranging from $0.75 to $2.00 per gallon,
respect ively.
Fuel Consumption By Maintenance Activity
The trend in fuel consumption by activity group and by activity type was
analyzed to find what specific activities or groups must be targeted to
achieve the highest return in energy conservation efforts. The three activity
groupings used for maintenance management purpose are:
• Highway Class (Class 1 = interstate highways, and Class 2 = other state
highways)
• Four maintenance work categories
• Eight major activity areas
The results of the analysis are discussed in the following sections.
Highway Class
Figure 4.2 shows the shares of fuel consumption by highway class. The
split of fuel consumption between the two highway classes remained stable. In
fiscal year 1984, approximately, 13.5% of the estimated total annual fuel con-
sumption excluding snow and ice removal was for maintenance activities on
interstate highways. About 0.40 million gallons of fuel was used for main-
taining interstate highways. On the other hand, 2.94 million gallons of fuel
was spent for the maintenance of other state highways. Therefore, the margi-
nal reduction of fuel use by managing maintenance activities on other state
68
Figure 4.2 Estimated Fuel Consunption In Routine Maintenance
by Highway Class *

















highways Is much more substantial than the fuel savings in maintenance of
interstates. For example, 1% reduction in fuel consumption in interstate
would amount to about 4,000 gallons, while 1% reduction of fuel consumption in
maintenance of other state highways would amount to about 29,400 gallons.
The split in the amount of fuel consumption between Interstate and other
state highways is much greater than the split in the total mileage of these
two classes. Interstate comprises 8.9% of the total state highway mileage in
Indiana with a total mileage of 1,102 miles. The other state highways cover a
total mileage of 11,245 miles. The difference was caused by high fuel con-
sumption rates per mile by maintenance activity type on interstate highways.
On the average, interstate highways required 340 to 350 gallons /mile/year of
fuel for maintenance, whereas other state highways required 250 to 260
gallons /mile/year . The interstate maintenance thus needed a 26% extra fuel
consumption per mile. It is reasonable to have such a difference because
interstate highways are multi-lane facilities and their maintenance require
more equipment units due to the variety of tasks expected to be done. Also,
access to job sites on interstate highways is constrained by limited entrances
and exits, requiring longer traveling time to haul material, equipment, and
labor.
Work Category
Routine maintenance work categories represent the importance and ranking
of the routine maintenance activities, as stated below [5].
1. Limited activities - include activities for which quantities
can be established and firmly observed to.
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,
2. Unlimited activities - include activities which are to be per-
formed when needed and in the amount required to correct the
deficiency.
3. Overhead activities such as rest area attendant, standby time,
training, and maintenance field supervision.
4. Variable activities - include activities where the amount of
work is not urgently needed each year. The planned work, is
desirable but it is not critical if all of the planned work is
not completed during any one year.
Of the 63 activities considered in the study, 14 activities are in the
limited category, 22 activities in the unlimited category, 14 activities in
the variable category, and the remaining 13 activities in the overhead
category. Actual accomplishments of the limited activities were found to be
significantly different from the planned accomplishments at some subdistricts
.
Variations between the actual and planned accomplishments were more frequent
among the activities in the unlimited category. The amount of work done in
these two categories greatly affects the amount of fuel consumption. There-
fore, an improvement in the procedure to assess needs of specific maintenance
activities is desirable if energy conservation programs are directed to these
activities
.
Activities of the overhead category consist mostly of public service and
"other" maintenance areas. These activities are not directly related to the
performance of the highway. Activities in the variable category deal with
minor maintenance work that are left out from the activities of the limited or
- 71 -
unlimited categories. Therefore, fuel consumption by this category can be
reduced if the activities in the limited and unlimited categories are better
managed
.
Figure 4.3 illustrates the three year trend of fuel consumption by
maintenance category. During the study period, the amount of fuel used for
the limited category increased. However, the fuel consumption of the unlim-
ited work decreased as if it had reflected the increase of the activities in
the limited category. Figure 4.3 shows that about two-thirds of the estimated
total annual fuel consumption is due to these two categories. Consequently,
the activities included in these categories should be carefully evaluated as
to their potential for fuel savings. When a sudden fuel saving measure has to
be undertaken, activities in the variable category can be reduced or post-




A substantial portion of the total maintenance cost can be attributed to
the roadway and shoulder area (Area I), followed by the "others" area (Area
VIII), as shown in Figure 4.4 (a). Total cost was broken down into fuel,
material, and labor costs. All costs were computed using the 1982 unit cost
data. As far as fuel consumption is concerned, the pavement and shoulder
(Area I), drainage (Area III), and "other" (Area VIII) maintenance areas con-
sumed most of the fuel needed in maintenance work (Figure 4.4(b)). In real-
ity, the "other" maintenance area would require more fuel than the amount
shown here because the fuel used for field maintenance supervision is not
currently recorded in crew day cards.
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Figure 4.3 Fuel Consumption by Routine Meant enane Work Category *
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Figure 4. A Maintenance Cost Splits Among Eight Major Activity Groups
(Excludes Snow & Ice Removal)
16
(a) Total Cost
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The roadway and shoulder area accounts for most of the materials cost
(Figure 4.4 (c)). Although this study deals only with direct energy use, a
substantial part of the materials used in highway routine maintenance involves
petroleum products. Therefore, an improvement in the use of quality of
materials should provide opportunities to conserve the overall energy use
including indirect energy. In any event, a good management of the first three
areas - roadway and shoulder, roadside, and drainage - can greatly contribute
to energy conservation.
Fuel Consumption by Activity
Fuel consumption by activity shows a tendency of being concentrated on a
few activities every year, as shown in Figure 4.5. Most of the activities
considered in the study used less than 2% of the total fuel consumption
excluding snow and ice removal. Activities with more than 3% of the total
fuel consumption except the fuel used for snow and ice removal were identified
as dominant activities, and they are listed in Table 4.2. These activities
account for approximately 65% of the total fuel consumption excluding snow and
ice removal and supervision.
The roadway and shoulder maintenance area has several maintenance activi-
ties that require a substantial amount of fuel. They are shallow patching
(201), seal coating (205), crack sealing (207), spot repair of unpaved should-
ers (210), and clipping unpaved shoulders (212). These activities represent
the most common types of maintenance work and any energy conservation effort
should thus start with them.
Among the regular activities, the cleaning and reshaping of ditches
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Table 4.2 Major Fuel Consuming Activities
(FY1984 Statewide Total)
Maintenance Activity Description Fuel Consumed Share
Area Code (1,000 gallons) (%)
I 201 Shallow patching 233.1 7.00
205 Seal coating 119.3 3.58
207 Sealing cracks 170.4 5.11
210 Spot repair of
unpaved shoulders
102.2 3.07
212 Clipping unpaved sshoulders 117.9 3.54
II 221 Machine mowing 126.9 3.81
III 231 Clean and reshape ditches 451.7 13.56
235 Cleaning minor drainage 90.2 2.71
structures
V 251 Subdistrict sign 103.9 3.12
maintenance
VII 271 Rest area and lift 161.8 4.86
bridge attendant




Materials handling 134.0 4.02
and storage
Other support activites 160.7 4.82
Total 1.,172.4 65.21
Note: Activity 263 (snow and ice removal) was excluded from
the share computation.
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Major equipment types used for this activity are the dump truck and excavator.
About 60% of the fuel used for this activity is due to dump trucks and about
30% due to excavators. Field observations indicate that minimization of idle
time and reduction of hauling distance to dump the excavated earth are two
main areas that can cause a major reduction in fuel consumption for this
activity.
In the area of roadside maintenance, machine mowing (221) dominates the
fuel use. Mowing is done periodically during the growing season and it is not
directly related to roadway performance. However, mowing may be necessary for
public safety and aesthetics.
Fuel consumption for bridge maintenance is comparatively very low. Dur-
ing FY 1984, about 60.5 thousand gallons of estimated amount of fuel was used,
accounting for only about 2% of the total fuel consumption for that year. The
potential for fuel saving in this area, therefore, is not that great.
In the area of traffic control related maintenance, the subdistrict sign
maintenance (activity 251) uses up about 70% of the fuel consumed for this
maintenance area. About 80% of the fuel consumed for subdistrict sign mainte-
nance is due to the use of utility trucks.
In the public service area, the rest area and lift bridge attendant work
uses about 45% of the fuel consumed for this maintenance area. The litter
pickup work is the second highest fuel consuming activity and uses about 25%
of the total fuel consumed. Pickups, pickup crew cabs, and dump trucks are
equipment types most frequently used for these activities.
In the "others" maintenance area, the buildings and grounds maintenance.
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materials handling and storage, and other support activities use about 90% of
the total fuel in this area. The majority of these maintenance activities is
for picking and hauling supplies and materials and transferring equipment.
Fuel Consumption By Equipment Type
A variety of equipment types are used for routine maintenance activities,
as shovm in Table 4.3. First, the demand level for a particular equipment
type by various activities was identified. Then, dominant equipment types
were singled out and amounts of their fuel use were examined. In this study,
equipment types with more than 1% of the total fuel consumption, excluding the
fuel used for snow and ice removal, were considered as dominant equipment
types.
The majority of equipment types are used for less than ten different activity
types, as shown in Table 4.3. Some equipment types, such as water truck or
catch basin cleaner, are used in specific activities and their low shares in
fuel consumption reflect their limited use. The equipment types that were
used by more than 20 activities included only five types: pickup truck, pickup
crew cab, dump truck, do-all truck, and loader. These equipment types con-
sumed most of the total fuel in each of the three years considered in the
study.
Table 4.4 shows the result of fuel share computation by equipment type
for fiscal year 1984. For the three study years, similar trends were
observed. Table 4.5 shows a list of the equipment types using more than 1% of
the total annual fuel consumption excluding snow and ice removal along with
their demand levels. Altogether they account for about 95% of the total fuel
consumed. Their fuel use shares were found to remain stable over the three
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Table 4,3 List of Equipment Used in Routine Maintenance Activities
and Their Level of Demand
Code Equipment type ]Level Code Equipment type Level
1 Pickup truck A 41 Paint machine *
2 Pickup crew cab A 42 Tractor truck E
3 Aerial basket truck F 43 Tractor mower *
4 Flatbed truck E 44 Compressor E
5 Water truck F 45 Mixer F
6 Bucket truck F 46 Squeege cart *
7 Distributor E 47 Flashing arrow board E
8 Utility truck E 48 Porta patcher F
9 A 49 Jeep F
10 Do-all truck D 50 Lowboy trailer F
11 Catch basin cleaner F 51 Trailer E
12 Compactor F 52 Pavement cutter F
13 Tar kettle E 53 Chemical spreader F
14 Premix storage 54 Maintainer F
trailer F 55 Back blade F
15 Burner unit F 56 Berm drag F
16 Paver F 57 Undeck body F
17 Widener * 58 Broom tractor F
18 Jack hammer * 59 Weed eater F
19 Portable roller * 60 Rotor tiller F
20 Roller E 61 Rack truck F
21 Street sweeper F 62 Tilt cab F
22 Broom F 63 Pole truck F
23 Backhoe E 64 Gradall F
24 Excavator F 65 Pavement breaker F
25 Grader E 66 Semi trailer F
26 Loader D 67 Dozer F
27 Snow blow F 68 Whocker F
28 Chip spreader F 69 Crawler *
29 Salt spreader * 70 Vermeer cutter F
30 Underbody scraper F 71 Ave all F
31 Brush chipper F 72 Sewer jet F
32 Stump cutter F 73 Crane F
33 Auger/driver * 74 Stake truck F
34 Lawn mower F 75 Generator F
35 Hand mower F 76 Port line marker F
36 Chain saw F 77 Van F
37 Concrete saw F 78 Sewer vector *
38 Pavement cutter * 79 Vermeer trailer *
39 Hydro-seeder *









Used by 50 or more activity types
Used by 40 to 50 activity types
Used by 30 to 40 activity types
Used by 20 to 30 activity types
Used by 10 to 20 activity types
Used by 10 or less activity types
Not appeared in the field data
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Table 4.4 Fuel Share by Equipment Type for FY84
Ki|M(pment N' '. l<|iiIpm(Mit Typf Puel Sh.ire In X In gallons
1 Pickup truck 9. SO 326523
2 I'tckup crew cah 11.12 370433
3 Aert.il basket t nirk O.L'-) 7SS5
/i HI. 11 heti t nirk 1 .11? 33829
•> U.it.i truck 11. Ill ?9I
6 Hucket I ruck O.ill 329
7 Distributor 2.42 807 30
8 Ut 1 1 Ity truck 1.83 127711
9 Dump truck 44.45 14807 50
10 Do-all truck 4.95 164903
11 Catch basin cleaner 0.76 25439
12 Compact er 0.04 1406
13 Tar kettle 0.
U Premix storage trailer 0.
15 Burner unit 0.05 1632
16 Paver 0.
17 Wldener 0. n
18 Jack hammer 0.
19 Portable roller 0.
20 Roller 0.13 4250
2 1 Strei't sweeper 0.02 714
22 Broom 0.
23 Back hoe 0.54 17862
24 F.xcavator 4.19 139679
25 Craiier 2.07 68840
26 Loader 4.0'i 135084
27 Snow blow 0.50 16663
28 Chip spreader 0.
29 Salt spre.ider 0.
30 Underbody scraper O.ni 230
31 Brush chipper 0.47 15702
32 Stunp cutter 0.(13 991
33 AuRcr driver 0.
34 hawn mower 0.
35 Hand mower 0.00 73
36 Chain saw 0.12 3928
37 Concrete saw 0.0^ 760
38 Pavement cutter 0.
39 Mydro-seedor 0.
40 Wucd sprayer 0.19 6398
41 Paint machine 0.
42 Tractor truck 4 .37 145526
43 Trnctor mower 0.
44 Compressor 1 .1)5 35049
45 Mixer 0.0 1 177
46 Squeege cart 0.
4 7 Kl.istdn>» an ow board 0. \4 n 1 06
48 Porta patchtT 0.
49 .h-.-r 11. Ml 178
50 I.owhuv t ral lL*r 11.
51 rral ler 0.
52 P.ivement cutter 0.119 28h3
53 Chemical spreader 0.4 1 13708
54 Maintalner 0.10 34 36
55 Back blade 0.
56 Bcrm drag 0.
57 Undeck body 0.
58 Bro(im tractor 0.17 5693
59 Weed enter 11.06 2021
60 Rotor tiller fl.
61 Rack truck 0.
62 Tilt cab 0.01 1100
63 Pole truck 0.01 266
64 CradaU
1 .44 47890
65 Pavement breaker 0.
66 Semt trailer 0. n
67 Dozer 0.51 16989
68 Whocker 0.
69 Crawler 0.
70 Vermeer cutter 0.01 24 2
71 Ave all 0.
72 Sewer jet O.o;! 66 3
73 Crane 0.0? 612
74 Stake truck 0.26 8622
75 Generator 0.00 29
76 Port line marker 0.
77 Van 0.21 h988
78 Sewer vector 0.
79 Vermrer t ral ler 0.
Toti 1 Viiel Con sump C Inn 3,118,06 1 t\a\ Inns
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Table 4.5 Major Fuel Consuming Equipment Types
(FY1984 Statewide Total)
Equipment Equipment Share in Demand Remarks
Code Type Percent Level *
1 Pickup truck 9.8% A Interchangeable
2 Pickup crewcab 11.1% A Interchangeable
4 Flatbed truck 1.0% E 0.7% for Act. 271
(Rest area & lift
bridge attendant)
7 Distributer 2.4% E Not interchangeable





9 Dump truck 44.4% A Interchangeable
10 Do-all truck 5.0% D Interchangeable





25 Grader 2.1% E Not interchangeable
26 Loader 4.1% D Not interchangeable
42 Tractor truck 4.4% E 2.2% for Act. 221
(Machine mowing),
Not interchangeable
44 Compressor 1.1% E Not interchangeable




* See Table 4. 3 for explanation
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study years. Therefore, if a better management of equipment fleet is con-
sidered as a means to conserve energy, these thirteen types are the ones that
should be included first. Table 4.5 suggests that interchangeable equipment
types are mostly hauling equipment, such as dump trucks and pickup trucks.
Dump trucks alone account for about 45% of the total annual fuel used for all
routine maintenance activities excluding snow removal and ice removal.
Chapter Conclusions
The trend analysis discussed in this chapter was used to identify com-
ponents of highway routine maintenance where energy conservation efforts can
be directed. The analysis sorted out thirteen dominant activities out of
sixty-three different activity types. These activities are mainly in road and
shoulder, roadside, and drainage maintenance groups.
The analysis also identified the critical equipment types. Of seventy-
nine equipment types included in the study, thirteen types were found to be
critical with respect to energy conservation. These types accounted for about
95% of the total fuel consumed in FY 1984. The four most fuel consuming
equipment types were pickup truck, pickup crew cab, dump truck, and do-all
truck, using about 70% of the total fuel consumption every year.
By carefully managing the dominant activities and critical equipment
types, highway agencies would be able to better control the fuel consumption
in highway routine maintenance. In order to implement such a program, how-
ever, it is desirable that equipment use and fuel consumption data be regu-
larly recorded and monitored.
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CHAPTER 5
FORMULATION AND APPLICATION OF OPTIMIZATION MODEL
Introduction
Highway maintenance consists of a variety of activities requiring many
different types of equipment. These activities are both labor and fuel inten-
sive. Fuel consumed by maintenance equipment may account for as much as one-
third of the total material cost and about one-tenth of the total maintenance
cost. In the first phase of the study It was found that equipment types are
interchangeably used to do the same task and that fuel consumption rates are
substantially different among different equipment types [1]. Consequently,
equipment management tools that can enable a better control of fuel consump-
tion are important elements of maintenance management. Optimization tech-
niques can be applied to the problem of assigning different equipment types to
various maintenance activities such that total fuel consumption can be minim-
ized.
Mathematical modeling techniques are being applied to pavement management
[6,7,8,9,10]. However, the application of mathematical optimization tech-
niques to highway routine maintenance has long been considered to be infeasi-
ble because of the wide variation in the characteristics of routine mainte-
nance activities and because of many uncertain elements such as weather and
difficulty in accurately assessing maintenance needs.
Simulation is another operations research technique that can be applied
to routine maintenance activities. A project level simulation model of road-
side mowing was developed in the early 70s [11]. Later, a highway maintenance
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simulation model was developed for the Louisiana Department of Highways
[12,13,14], Besides these two simulation models, however, there have not been
serious efforts in this area.
As the specific objective of the present study was to maximize energy
conservation, an approach focusing on the equipment assignment component of
the overall maintenance scheduling process was needed. A linear programming
technique was applied to develop a mathematical model for determining the
optimal equipment assignment to minimize total fuel consumption. An example
application is discussed to demonstrate the feasibility of incorporating this
equipment assignment technique into the current activity scheduling process.
Optimization Methodology
The concept of the optimization model developed in the study is based on
the interchangeability of equipment types for performing particular tasks of
each activity. Equipment types which would use less fuel should be assigned
as much as possible such that the total fuel consumption could be minimized.
The field survey data collected in the first phase of the study [1] and subse-
quent field observations indicated that different equipment types are used to
perform the same tasks. For example, pickup crew cabs and dump trucks are
interchangeably used in rest area maintenance. Similarly, for hauling pur-
poses, pickup trucks, pickup crew cabs, dump trucks, and do-all trucks have
also been found to be interchangeably used. However, the fuel usage rates of
these equipment types vary considerably. Furthermore, the same equipment
type, when used in different activities, has different fuel usage rates. It
is possible, therefore, to optimize the equipment assignment so that total
fuel consumption in performing various activities is minimized.
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A trend analysis on fuel use described in Chapter 4 indicated that pickup
trucks, pickup crew cabs, dump trucks, and do-all trucks use about 70% of the
total fuel consumed in all routine maintenance activities excluding the snow
and ice removal work. Therefore, the consideration of only these equipment
types can result in a substantial amount of fuel savings.
Decision Variable
The optimization model approaches the problem of fuel savings on an
aggregated basis. The decision variable used in the model is the number of
equipment days of a particular type to be used for an activity. This optimal
value can then be taken as the target value of equipment days to be assigned
to the activities. The variable of equipment days was used as an aggregate
measure, because there are daily fluctuations in equipment scheduling due to
such factors as the amount of accomplishment, equipment availability, labor
availability and weather conditions. Specific scheduling of targeted total
equipment days to actual job sites can be best dealt with by experienced
schedulers. Scheduling equipment units while making efforts to conform to
targeted values resembles the activity scheduling procedure currently used by
subdistricts of the Indiana Department of Highways for preparing the bi-weekly
activity plan [15],
Model Development
The optimization model developed in the present study has two types of
constraints: (i) planned accomplishments of activities and (ii) the equipment
availability. Both constraints are expressed in equipment days. A data base
containing equipment usage, fuel usage, productivity, and equipment breakdown
data is provided as input. A schematic diagram showing the components of the
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model is presented in Figure 5.1.
First, planned accomplishments of all maintenance activities are set and
activities which are considered in the model are selected from the activity
list. A set of equipment types of interest is then selected. The availability
of selected equipment types is expressed in equipment days. Total available
equipment days of a particular equipment type are computed by simply multiply-
ing the number of units of the equipment type by the number of working days
available during the analysis period. From the total available equipment
days, the number of equipment days that are expected to be lost due to mechan-
ical breakdowns and the number of equipment days necessary to perform other
activities which are not considered in the model must be subtracted. The
remaining equipment days for each selected equipment type, then, form equip-
ment availability constraints.
After the equipment-activity combinations are identified, interchangeable
equipment types are grouped within each activity. Only equipment types which
are interchangeable for a specific task are grouped. If a particular equip-
ment must be used to perform a task, then constraints are appropriately formu-
lated to indicate this requirement. Equipment usage factor of each equipment
within an interchangeable equipment group is provided as input and the result-
ing sum of equipment usage rates is considered as a combined equipment usage
factor. Equipment usage factor is defined as the average number of equipment
units of a particular type used to complete a scheduled amount of an activity
in one working day. The combined equipment usage factor reflects the actual
need of equipment for an activity. For example, if pickup truck and pickup
crew cab are used interchangeably in shallow patching, and if pickup truck's
usage factor is 0.5 and pickup crew cab's usage factor is 0.7, the combined
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Figure 5.1. Maintenance Equipment Assignment Technique
Given: 1. Activity types and their planned
accomplishments
2. Equipment types and their
availability in equipment days
I
LP Optimization Model
Minimize the Total Fuel Use for
the Given Activity-Equipment Combinations
i
Mmmmmmm
Output: 1. Optimal Equipment Assignment
in Equipment Days




usage factor of this interchangeable equipment group will be 1.2. This means
that for every 100 working days of shallow patching, 120 units of either
pickup trucks or pickup crew cabs, or a combination of these two types will be
needed. Combined equipment usage factors are used to compute conversion fac-
tors called K-values, which translate the amount of accomplishment for an
activity to the number of equipment days necessary to complete the activity by
a particular equipment within a given analysis period. The resulting equip-
ment days, then, form equipment requirement constraints.
After these constraints are determined, the objective function can be
formulated. Each coefficient of the decision variable in the model is com-
puted by multiplying a combined usage factor, fuel usage rate of an equipment
used for an activity, and a conversion factor K-value.
Model Formulat ion
The formulation of the Maintenance Equipment Assignment Technique (MEAT)
using linear programming is discussed below. The objective function is to
minimize the total number of gallons of fuel consumed in performing a set of
scheduled maintenance activities.
Minimize E E R x U x K x Y . (5.1)
Subject to the following constraints:
a. Demand Constraints - All scheduled activities must be performed.
T. Y. . > D.,„, for all i (5.2)
b. Capacity Constraints - Total number of equipment days assigned to any
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equipment type must not exceed the number of equipment days available.
5: Y < C for all j (5.3)
J -* » J J
c. Non-negativity Constraints - All variables must be greater than or equal
to zero.





Y^ - Number of equipment days of equipment j assigned
to activity i,
R
. = Fuel consumed by one unit of equipment j in
accomplishing one production unit of activity i,
^i,i(£)
"^ Combined usage factor of equipment j in interchangeable
equipment group 5, when used in activity i,
N^ = Scheduled level of accomplishment of activity i,
°i(£) "
Number of equipment days required to perform the scheduled
accomplishment (N. ) of an activity i by equipment j
in interchangeable equipment group £
,
C = Number of available equipment days of equipment type j,
^i i(£)
^ Units of accomplishment of activity i by equipment j









Procedure to Est Imate K-Values
The K-value can be interpreted as the capacity of one unit of a given
equipment type to perform a particular task in one work day called crew day.
This value is stated in terras of the production unit of the activity in which
the equipment is used. Thus, the K-value is expressed in units of accomplish-
ment per equipment per crew day.
For example, a K-value of 1.1 for dump trucks when used in crack sealing
activity indicates that 1.1 lane miles of crack sealing can be accomplished on
the average by one dump truck per crew day. The use of K-values allows the
consideration of different units of measurement into one common ground for the
decision variables employed - equipment days. K-values are used for translat-
ing the information on scheduled production units of different activities into
equipment days necessary to complete the scheduled levels. The resulting
equipment days are then used as work demand constraints in the optimization
model. K-values are also used to transform the optimal solutions given in
equipment days back into original units of production of each activity so that
fuel consumption can be computed by using available fuel usage rates given in
gallons per production unit. K-values are computed by the following formula:
P
hid) = Z F^. ^^'^^
where "^^ •
c n -v
~ K-value for equipment type j in
interchangeable equipment group £ for activity i,
P. = Production per crew day for activity i,
F = Usage factor of equipment j when used in activity i,
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T. ^4 j< ~ Combined usage factor for equipment type j
in interchangeable equipment group £ when used
in activity 1.
The combined usage factor indicates how many equipment units would be
required to perform a certain amount of accomplishments per crew day if only
one type of equipment were used.
Model Output
The unit of decision variables is given in equipment days. For example
Y is the number of equipment days allowed for equipment number 1, pickup
truck, to be used for activity 207, crack sealing. The model minimizes the
total amount of fuel consumed by activity-equipment combinations considered.
Therefore, the optimization model may indicate that some activities would
receive more than or less than the amount of equipment days for certain equip-
ment types than normally used for those activities. If the results appear to
be grossly misrepresented or far from reality, equipment grouping needs to be
reconsidered and constraints adjusted to reflect any corresponding changes.
In actual scheduling, once an equipment unit is assigned to an activity,
this equipment unit is not available for other activities for the entire day.
The average number of equipment units to be assigned to do one activity during
one crew day can be computed by dividing the values for decision variables by
proper crew days scheduled. Therefore, if one decision variable has 200
equipment days for a particular equipment and 100 crew days are scheduled, the
usage factor will be 2.0.
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Application of the Model
The model can be used at any level of management, state, district, sub-
district or even at the unit level. An example problem applied to the subdis-
trict level was used to test the applicability of the model. The fuel use
resulting from the optimal equipment assignment were compared with the actual
fuel use estimated for the subdistrict. The application example was developed
by using the routine maintenance accomplishment data [4], equipment use data
[1] and equipment availability data compiled during the study.
Description of the Example Subdistrict
The Fowler subdistrict was selected for the analysis. it is typical of
most of the subdistricts in Indiana, where much of the highway mileage is
non-interstate. This example subdistrict was one of the six subdistricts
where the field survey on equipment and fuel use was conducted in the first
phase of the study discussed in Chapter 2.
Description of Maintenance Demand
In Table 5.1 are given the 1984 actual accomplishments of the subdistrict
for the thirteen major fuel consuming maintenance activities. These accom-
plishment amounts were used in the example problem as demand constraints.
Activity 271 on interstate is a major fuel consuming activity, while other
activities on interstate are not so significant in fuel consumption. On the
other hand, most of the activities on other state highways consume a consider-
able amount of fuel. Therefore, in the example problem Activity 271 on inter-
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Table 5.2 shows how equipment availability constraints were derived. In
this example problem, five hauling equipment types were considered. First,
four major equipment types, pickup truck, pickup crew cab, dump truck, and
do-all truck, were selected. Utility trucks were then added because pickup
trucks and pickup crew cabs can often do the same work as utility trucks when
used for sign maintenance. During FY 84, the example subdistrict had 11
pickup trucks, 6 pickup crew cabs, one utility truck, 20 dump trucks, and 7
do-all trucks. To compute the number of available equipment days of each
equipment type, 250 working days or crew days per year were used. The value
for annual available equipment days was adjusted for possible mechanical
breakdowns. The statewide average breakdown rates were used since the exist-
ing equipment management system does not provide equipment breakdown rates by
equipment type by subdistrict. In case the actual equipment days computed
from usage factors [1] for the subdistrict exceeded the values estimated, the
equipment availability was set equal to the actual equipment days assigned.
Next, the equipment days used for activities not included in the optimiza-
tion model were subtracted. It was also necessary to subtract equipment days
used In supervision of field activities by the superintendent and three unit
foremen, because this activity (Activity 112) is not recorded on crew day
cards. It was assumed that supervisory personnel use one pickup each working
day. The remaining equipment days then become constraints to the optimization
model.
Computation of K-Values
The computation of K-values is a key element of the maintenance equipment
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Table 5,2. Estimated Available Equipment Days of Five Equipment Types
for the 13 Activities Included in the Model: FY1984
Fowler Subdistrict Data
11 6 1 20 7
2,750 1,500 250 5,000 1,750
Equipment No. 1 2 8 9 10
& Name Pickup Pickup Utility Dump Do-all
truck crew cab truck truck truck
* Equipment availability
No. of equipment
No. of total equipment
days available (a)
Breakdown rate (b) 12% 4% 2% 16% 12%
Remaining equipment 2,420 1,440 245 4,200 1,540
days available
* Equipment days used for activities other than 13 activities included
in the model
Interstate (INT)
Other State Highways (OSH)
INT + OSH 480 317 106 2,485 67
Supervision (c) 1,000 _ _ _
Total excluded 1,480 317 106 2,483 67
* Equipment days available 940 1,123 139 1,715 1,473
for 13 activities included
in the model
a) 250 working days/year
b) Statewide average equipment breakdown rates were used
c) 1-superintendent and 3-unit foremen are assumed to use 1 pickup
truck each day to supervise field maintenance activities
76 93 37 469 10
404 224 69 2,016 57
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assignment technique. In the first phase of the study equipment usage factors
were developed for all equipment and activity combinations. The usage factor
indicates how often a particular equipment is used for an activity. For exam-
ple, a usage factor 1.10 indicates that 110 units of this equipment type are
used in 100 crew days of this activity, or 110 equipment days are assigned for
100 crew days of this activity. This means more than one unit are used in
some of the crew days.
A comparison of computed usage factors, field survey data (crew day
cards), and the field operations handbook [15] shows which equipment types can
be interchanged. For example, for Activity 207, crack sealing, the equipment
usage factors for dump truck (//9) and do-all trucks (//lO) are 1.77 and 0.57,
respectively, as shown in Table 5.3. Dump trucks are used in crack sealing to
spread cover aggregate (usually sand) over the bituminous material applied to
cracks. Do-all trucks can substitute for dump trucks to do the same work.
Since these two types are used for the same purpose, they form an interchangeable
group for this particular activity (207), and the usage factor of this group
is the summation of the usage factors of dump trucks and do-all trucks. For
the example analysis, the combined usage factor then becomes 2.34. This value
is reasonable as the handbook for foremen [15] estimates two dump trucks for
each crack sealing activity.
This basic idea of a trade-off between equipment types was used to esti-
mate other combined usage factors. Table 5.3 lists the thirteen activities
and equipment usage factors for the five major hauling equipment types. Basi-
cally, pickup trucks and pickup crew cabs were treated as interchangeable, and
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types are not interchangeable, constraints were constructed accordingly. In
case of sign maintenance, pickup trucks, pickup crew cabs, and utility trucks
can be interchanged. For activity 271, rest area maintenance and lift bridge
attendant, pickup crew cabs and dump trucks can be interchanged.
After the combined usage factors for the equipment types needed for dif-
ferent activities were determined, K-values were computed. Table 5.4 lists
the annual average accomplishments per crew day for the 13 activities in the
Fowler subdistrict during the fiscal year 1984. The K-value is obtained by
dividing the average accomplishment per day with the combined usage factor as
shown in Table 5.4. The dimension of K-value is therefore the accomplished pro-
duction units per equipment unit per crew day. Figure 5.2 shows which equip-
ment types were considered to be interchangeable to do various activities.
Estimated Fuel Consumption
The objective function of the optimization model is to minimize total
fuel consumption by equipment types to accomplish the needed maintenance work.
The model is run for unconstrained and constrained cases in terms of equipment
availability. The unconstrained case refers to the situation where optimal
equipment assignment was derived without considering the equipment availabil-
ity at the subdistrict level, while the constrained case considers the actual
equipment availability. The optimal levels of fuel consumption calculated
under both cases were compared with estimated actual fuel consumption. Table
5.5 gives fuel consumption rates of equipment types for different activities
included as input to the optimization model. The estimates of actual fuel
consumed by various equipment types were computed using these rates. Table
5.6 shows the fuel consumption for the activities included in the model for
- 100 -




















m -^ CN —
t
—t ^ —t O










































Figure 5.2. Conbinations of Equipment Types Considered to Be Interchange^le
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119 II 10
Dump Do-a 1 1
truck truck
Table 5.5. Fuel Consumption Rates of Five Equipment Types for
Different Activities Included in the Optimization
Model
(gallons per production unit/ miles per gallon)
»\ in 118
Activity Activity Unit of Pickup Pickup Utility
Corle Name Measurement truck crew cab truck
201 Shallow patching Tons of mix 3.66/ 7.35 2.69/ 6.67 - 4.78/ 3.17 3.71/ 3.n8
2ns Seal coaling Une miles 1.1(1/ 9.00 2.42/ 4.40 - 8.03/ 4.14
207 Sealing cracks Lane miles 2.89/ 4.33 3.07/ 5.75 - 6.15/ 2.17 6.55/ 2.31)
210 Spot repair of Tons of aggregate 0.21/ 8.24 0.54/ 5.27 - 0.93/ 2.74 0.76/ 6.20
unp.ived shoulders
212 Clipping unpaved Shoulder miles 4.32/ 7.U 4.11/ 8.05 - 10.25/ 2.95
shoulders
22 1 Machine mowing Swath miles 0.36/ 7.10 0.48/ 7.92 - 1.60/ 4.30 0.80/ 2.88
2)1 Clean & reshape Linear feet 0.01/ 6.68 0.02/ 6.82 - 0.05/ 2.84
drainage structures
2)5 Cleaning minor '/ of structures 1.28/ 7.88 0.92/ 7.50 - 7.20/ 3.39 l.<»2/ h.H)
drainage structvires
251 Subdlstricl sign Man-hours 1.04/10.69 0.69/ 9.03 1.03/ 7.62
ma 1 nt enance
271 Rest an-a and lilt Man-hours - 0.21/ 9.36 - 0.76/ 4.17
bridge attendant
283 liulldings .ind ground Man-hours 0.27/10.45 0.16/ 7.45 - 0.43/ 3.35
ma Intenancc
284 Material handling Man-hours _ _ _ 1.35/ 3.84 1.54/ 3.80
and storage
289 Other support Man-hours 0.68/11.53 0.62/ 8.69 - 1.37/ 4.68 2.00/ 3.5?
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the example subdistrict in FY 84.
Summary of Results
The LINDO (Lintvir, Interactive and Discrete Optimization) computer pro-
gram developed at the University of Chicago [16] was used to solve the example
problem. Results of the optimization efforts are summarized in Tables 5.7
through 5.9, and are discussed below.
Constrained Problem
Table 5.7 shows a comparison of optimal equipment assignments resulting
from the model and the actual equipment use derived from the field data [1].
For the constrained case the disposable equipment days given in Table 5.2
formed the equipment availability constraints. It can be seen that there is a
difference between the actual equipment use and optimal equipment use. For
example, in the case of crack sealing activity, the optimal assignment was to
use only pickup trucks and dump trucks instead of pickup trucks, pickup crew
cabs, dump trucks, and do-all trucks as used in the actual assignment.
The estimated actual fuel consumption by the equipment-activity combina-
tions included in the model was 52,981 gallons (Table 5.6), whereas the fuel
consumption for the optimal equipment assignment was 46,411 gallons (Table
5.8), resulting in a 12.4% reduction from the actual equipment use. This
reduction is substantial because the fuel consumed by the activities con-
sidered in the model accounts for only about 65% of the total fuel consumed in
routine maintenance at the state level. Therefore, if other activities were
included in the model, the estimation of the amount of fuel saved would
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multiplication of the number of subdistricts (37 subdistricts in Indiana) to
the reduction of this example can mean a savings of approximately 243,000 gal-
lons of fuel every year. This could amount to about $182,250 to $486,000 of
fuel cost savings every year if the fuel prices ranged from $0.75 to $2.00 per
gallon. Table 5.8 also shows which activities would use less or more fuel in
the optimal case than the actual assignment. It appears that the total annual
fuel consumption of Activity 271 could have been reduced to about half of the
current fuel requirement.
Table 5.9 shows the available equipment days and the equipment days
used for each type of equipment for both the actual equipment assignment and
the optimal equipment assignment. It is evident that the model can determine
the critical equipment types as well as the redundant equipment types. This
inf ormat Ion can help determine which equipment types need to be added or to
be decreased from the current fleet. For example, the most critical equipment
type for this subdistrict is pickup crew cab. Other four types considered in
the model are abundant for this subdistrict for carrying out regular mainte-
nance activities. The number of do-all trucks greatly exceeds the actual
demand. The reason for this abundance is, however, that most do-all i rucks
are kept for the snow and ice removal work in winter, and the model did not
include this emergency activity.
Unconstrained Problem
In order to check how much fuel could be saved if all equipment needed
were available, an unconstrained case was analyzed. In Table 5.7 was also
shown the equipment assignment obtained by the unconstrained version of the
model. The unconstrained equipment assignment is somewhat different from both
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Table 5.8. Fuel Consumed by Each Activity Under Three Equipment
Assignment Scenarios
Activity Actual Optimal Aj;signment Optimal /Assignment
Number Equipment for Constrained for Unconstrained
Assignment Case Case
gallons gallons gallons
201 6,614 6,686 ; +72) 5,738 : -876)
205 7,200 7,078 ( -122) 7,078 ( -122)
207 3,650 3,568 : -82) 3,564 ; -86)
210 1,199 1,062 ( -137) 1,063 ( -136)
212 3,033 3,043 [ +10) 3,020 ; -13)
221 1,020 792 ( -410) 792 ( -410)
231 6,225 5,827 ; -398) 5,827 [ -398)
235 932 437 ( -495) 432 ( -500)
251 2,350 2,377 ; +27) 1,591 [ -759)
271 8,539 3,697 ( -4,842) 3,697 ( -4,842)
283 2,549 2,715 ; +166) 2,376 ; -173)
284 4,040 3,981 ( -59) 3,981 ( -59)
289 5,448 5,148 : -300) 5,073 ; -375)
Total 52,981 46,411 44,236
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Table 5.9. Equipment Days Used by Each Equipment Type Under













1 Pickup truck 940 306 841 336
2 Pickup crew cab 1,123 634 1,123 1,767
3 Utility truck 139 121 139
9 Dump truck 1,715 1,715 1,050 1,050
10 Do-all truck 1,473 166 267 266
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the actual and constrained assignments. The fuel consumption for the uncon-
strained optimal assignment resulted in 44,256 gallons, as shown in Table 5.8.
There could be as much as 16.5% reduction from the estimated actual fuel con-
sumption. However, since there was only one critical tciuIpiiicnL type, the pickup
crew cab, the difference of total fuel consumption between the constrained and
unconstrained assignments was only about 5% for this subdistrict.
Sensitivity Analysis
A sensitivity analysis was conducted by examining the results of the con-
strained and unconstrained versions of the optimization program for the exam-
ple subdistrict. The objective of this analysis was to determine explicitly
the impact of each type of equipment on the overall fuel consumption. Figure
5.3 shows the reduction in fuel consumption per unit of pickup crew cab added.
In this case, only the number of pickup crew cabs was increased and the number
of units of other equipment types were kept the same, since adding other vehi-
cles would not produce any extra fuel savings for the example subdistrict.
Figure 5.3 clearly illustrates that adding extra pickup crew cabs to the
current fleet would help conserve fuel, but the marginal fuel savings would
dramatically decrease after one or two equipment units are added to the
current fleet. If available from other subdistricts , borrowing one or two
pickup crew cabs would be a possibility to help reduce a substantial amount of
fuel use.
Importance of the Input Data
The validity of the results of the optimization technique developed in
this study is largely dependent upon the accuracy of the input data. Three
types of information are critical: (i) equipment usage factors, (ii) fuel
- 110
Figure ?.3-. Ni.flniber of A\/ailable Pickup Crew Cabs- (Equipiment No. 2) v-s.
Total Fuel Consumption by the 13 Major Activities
Included In the Model









Number of Pickup Crew Cabs Located
at the Fowler Subdistrict
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consumption rates, and (iii) interchangeability of equipment types.
Currently, usage factors obtained from the field survey [1] are average
usage factors of six subdistricts selected for the survey. They may not
necessarily reflect the equipment usage pattern of a particular subdistrict.
Also, the field survey was conducted in FY 82, while the example problem was
for FY 84. It is suggested that field data should be collected periodically
to update the usage factors.
Fuel consumption rates are probably the most important input data affect-
ing the accuracy of the results. Fuel consumption rates of all equipment
types are given in gallons per production unit. These rates are greatly
affected by the condition of job sites even within each activity. Hauling
distance and the manner by which equipment units are used can also substan-
tially affect the fuel requirement for one unit of production. Fuel consump-
tion rates now available are average values for six subdistricts used for the
field survey [1]. In order to increase the accuracy of the results for a par-
ticular subdistrict, it is recommended that each subdistrict monitor fuel con-
sumption rates for its own fleet.
Interchangeability of equipment can be found by reviewing crew day cards
and by field observation. In the example problem, the interchangeability
observed during the field survey was considered. Any changes in equipment
interchangeability can be evaluated by examining updated equipment usage fac-
tors .
The only data that are not currently recorded in crew day cards are fuel
consumption data. If the fuel consumption data are kept current, IDOH would
be in a better position to keep a close control of its fuel conservation
programs.
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Suggested Implementation of Optimization Results
The optimization model discussed in this chapter gives the number of
equipment days of an equipment type that would be assigned to a particular
maintenance activity in order to minimize total fuel consumption. Equipment
scheduling according to the optimization results should, however, follow the
existing activity scheduling procedure.
The current activity scheduling procedure is discussed in the Handbook
for Foremen [15], The optimal equipment assignment procedure would not inter-
fere with the process of overall routine maintenance programming process
[15,17], which eventually produces the Work Calendar (Report MM-109), as shown
in Figure 5.4. The Work Calendar lists standard crew size, road class, work
control category, annual planned crew days, and planned crew days per month
for all work activities that should be carried out in a subdistrict during a
fiscal year.
At subdistricts , the Semi-Monthly Schedule, which lists the work to be
done during the next two week period, is prepared from the Work Calendar,
Maintenance Needed Lists and Maintenance Needed Reports. The Work Calendar is
the major guide for scheduling activities. Individual activities for the com-
ing two weeks are scheduled using supporting information from the other two
reports mentioned above. The semi-monthly schedules are prepared for the
units by the General Foreman and approved by the Superintendent. The schedule
also describes the activities and locations to which crews are to be assigned
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completed, work assignments will then return to the priority activities on the
schedule. According to the given priority, the general foreman and sometimes
the unit foreman assign work, workers and equipment in the morning of a work-
day.
As the decision variable of the optimization model is given by the number
of equipment days of a particular equipment to be used, the scheduling person-
nel, most probably the unit foreman, can use these values as target values for
equipment scheduling. The task for the scheduler would be to follow the given
equipment assignment guideline as close as possible. The scheduler would keep
records showing how many equipment days are left for the next activity. Also,
equipment days of substituting equipment types should also be recorded. The
basic principle is to attempt to schedule equipment types which would use less
fuel as long as the substituting equipment can do the same work.
Let us consider the shallow patching activity. The Handbook for Foremen
[15] recommends one unit of pickup-crew cab for this activity. From the field
data collected during the study, it is known that a pickup truck can be a sub-
stitute equipment. Therefore, these two equipment types can be considered as
an Interchangeable equipment group. Suppose that the optimization model indi-
cates that the optimal equipment days of pickup truck and pickup-crew cab to
be assigned to shallow patching activities for the entire year in a particular
subdistrict are 50 and 70, respectively. These values can be used by the
scheduler of routine maintenance work in advance as target values. The
scheduler would attempt to assign equipment units to shallow patching activi-
ties so that these target values would not be exceeded over the period. For
that, every time a shallow patching activity is scheduled, the scheduler will
have to keep track of the equipment days of use of pickup truck and pickup-
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crew cab. However, when many activities need to be done in a short period,
equipment units are to be assigned first to dominantly fuel consuming activi-
ties, such as shallow patching and crack sealing.
Chapter Conclusions
The example discussed in this chapter demonstrated the usefulness and
applicability of the maintenance equipment assignment technique (MEAT)
developed in the study. The technique allocates equipment to various mainte-
nance activities within the given constraints of resources and maintenance
requirements. As the optimization routine considers the equipment assignment
problem on a macroscopic scale, the results are not affected by fluctuations
in equipment use due to various conditions pertinent to equipment scheduling,
such as weather and equipment breakdowns. The technique is capable of dealing
with a large number of activities and a variety of equipment types provided





The purpose of this chapter is to present a set of guidelines that can be
used to conserve fuel and reduce cost in highway routine maintenance. The
guidelines are broad in their framework and can be applied to any element of
the routine maintenance system. However, the dominant activities and equip-
ment types should be considered first. There are two major approaches that
can be followed to achieve the goal of fuel savings, as shown in Figure 6.1.
Equipment management is a direct approach where fuel use can be specifically
considered, whereas in maintenance management fuel savings can be considered
indirectly through other objectives.
Approaches to Fuel Conservation
A summary of possible strategies is given below and detail discussions
are presented in subsequent sections.
A. Equipment Management
1. Equipment types should be identified in terms of their fuel consump-
tion rates. Equipment types with lesser fuel consumption rate should
be assigned first as long as they are available and compatible to do
the required task.
2. Equipment should be used efficiently by reducing hauling distance,
loading time and idling time. Also, equipment units scheduled











































































































































3. Dieselization of dominant fuel consuming equipment units should be
continued.
B. Maintenance Management
1. Increased attention should be given to preventative maintenance.
2. Planned accomplishments of activities in the limited category should
be firmly adhered to.
3. Procedures for assessing maintenance needs should be improved so
that an appropriate equipment assignment can be planned.
4. The information provided by the routine maintenance management
information system should be kept up to date so that the three basic
resources, fuel, material and labor, can be optimally utilized.
5. Quality of maintenance work, especially that in the roadway and
shoulder area, should be evaluated and improved so that the effec-
tiveness of maintenance activities can be increased resulting in
less frequent work.
Equipment Management
Equipment use and dieselization of maintenance equipment are two major
areas through which fuel conservation can be accomplished.
Equipment Use
Approaches in this group are the most direct ones for fuel conservation.
The three approaches suggested are discussed below with reasons for their
selection.
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Better Assignment of Equipment Types
The mathematical optimization model presented in Chapter 5 is one tool to
accomplish this task with the objective of minimizing fuel use. As long as
the substitution of equipment types is feasible to do the same task, equipment
with less fuel consumption should be used. Only five dominant fuel consuming
equipment are considered in the model, namely pickup, pickup crewcab, utility
truck, dump truck and do-all truck, because they consume most of the fuel used
in routine maintenance in Indiana and they can be interchanged in most cases.
From the field survey it was found that pickups and pickup crewcabs were
interchanged and that often dump trucks and do-all trucks, and sometimes
flatbed trucks as well, were interchanged to do the same job. Fuel consump-
tion rates of these vehicles are different when used in different activities.
By assigning equipment first to the most important activities in terras of
minimizing fuel consumption, it may be possible to achieve a substantial
annual reduction in fuel consumption.
Efficient Use of Equipment
The need for an efficient use of equipment has been stressed in the con-
struction area [18,19,20]. The same is true in the routine maintenance area.
The fuel use trend analysis conducted in the study identified that hauling
equipment are the ones where the highest fuel savings can be expected. These
vehicles, therefore, should be managed first.
Three major factors exist in routine maintenance that affect fuel use.
They are hauling distance, loading time, and waiting time. As for hauling
distance, supervisors need to make efforts to find sites to dispose the exca-
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vated material close to the job site. Also, major equipment other than haul-
ing equipment, such as mowing tractors and excavators, may be left at or near
Job sites if the same work continues for more than one day. This practice is
currently followed by the IDOH and it should be continued.
Loading time largely depends on the capacity of other equipment, such as
excavators, that load the hauling vehicle. Sometimes the loading is done
while equipment units are in motion. However, if loading is done at a sta-
tionary position, it may be better to turn the engine off during loading in
order to save fuel.
Probably controlling idling time is the most promising area for fuel con-
servation. Idling time is related to waiting time which is affected by the
capacity of loading equipment and hauling distance. It may be difficult to
completely eliminate idling time. However, field observations showed that
idling time can be considerably reduced. For example, at one ditch reshaping
site, it was observed that each dump truck waited for about 15 minutes before
being loaded. During that period the engine of the truck was kept turned on
and the driver remained in the operator's seat. The amount of time spent in
hauling, loading, and waiting during the same field visit was observed to be,
on the average, 30 minutes, 10 minutes, and 15 minutes, respectively.
Idling can also occur with equipment other than hauling vehicles. When
the number of hauling vehicles are inadequate, the other major equipment such
as excavators will have idling time. Therefore, the relation of hauling dis-
tance, loading time, and waiting time needs to be evaluated for major loaders,
excavators, and graders before they are scheduled, based on the requirement of
the Job site. On one occasion during the field visit, it was observed that
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only one dump truck was scheduled to haul the excavated material since the
other dump truck was used to carry fill material. This arrangement caused a
long idling time for the backhoe.
Selection of Proper Equipment
Equipment to be scheduled should be commensurable with the tasks to be
performed. FHWA's continuous efforts to optimize maintenance activities by
using the principles of value engineering point out the importance of assign-
ing proper equipment which are commensurable with the nature of maintenance
[21,22,23,24,25].
The field survey data also showed that a pickup truck or crewcab , or dump
truck was sent to carry out similar types of sign maintenance work. In most
cases, pickup trucks are quite satisfactory to carry out the task assigned for
sign maintenance. Also, some subdistricts use pickup trucks or crewcabs
instead of dump trucks to carry bituminous mix. If a pickup truck or pickup
crewcab can do the same job because of the small amount of material to be car-
ried, it can replace dump trucks.
Type of Fuel Used
Dieselization of some units of major equipment types has just begun at
IDOH (Figure 6.2). Dieselizing hauling vehicles can produce a significant
reduction in fuel use because the past studies showed that diesel equipment
units are more fuel efficient than gasoline units [26,27].
One field supervisor mentioned that mowing tractors with diesel engine
have had less troubles than gasoline powered tractors. Since it is not yet
known whether dieselized units are superior than gasoline powered units in
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Figure 6.2 Annual Consumption of Fuel by All Equipment *












terms of total maintenance cost, the historical data including fuel consump-
tion and maintenance costs should be maintained for an overall evaluation of
dieselized equipment. Nevertheless, when fuel reduction is considered to be
the prime target, diesel powered equipment surpass gasoline powered equipment.
Maintenance Management
The following three areas in Maintenance Management can be considered:
(i) maintenance policy, (ii) maintenance planning, and (iii) maintenance prac-
tice. These three areas are discussed here with possible guidelines that can
help conserve energy. In this respect the thirteen major activities should be
considered first. In fiscal year 1984 these thirteen activities accounted for
65.8% of the total fuel, 58.0% of the total material, and 43.4% of the total
labor costs expended for all field activities except the snow and ice removal,
as shown in Figure 6.3. Figure 6.3 also shows what must be first evaluated to
achieve energy and cost savings related to maintenance. For example, the use
of material is concentrated in pavement related maintenance activities.
Because these materials are primarily petroleum products, management of these
activities would not only reduce direct energy consumption, but also achieve
overall conservation of petroleum products.
Maintena nce Policy
Two guidelines are offered in the policy aspect of maintenance manage-
ment. They include the increase in preventive type maintenance and the firm
adherence to planned accomplishments, especially with regard to the activities
in the "limited" maintenance category.
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Increase in Preventive Maintenance
As for activities in the roadway and shoulder maintenance, grouping of
preventive and remedial type of activities can be made. In the second phase
ot the study, it was estimated how much fuel can be saved by increasing the
amount of crack, sealing and subsequently reducing the amount of patching. The
maintenance cost analysis showed that highway sections which received more
crack, sealing in fall required less shallow patching in the following spring.
A careful evaluation should be made of the optimal level of preventive mainte-
nance that can maximize the cost and energy savings without jeopardizing the
level of maintenance service and motorist safety.
In FY 1984 one-third of the 37 subdistricts of IDOH did not complete
their planned accomplishments for crack sealing by more than 10%. If these
subdistricts had completed the plan, IDOH might have saved as much as 10,000
gallons of fuel that year according to the prediction models developed in the
study and discussed in Chapter 3.
Adherence to Planned Accomplishments
Routine maintenance data show that there are substantial differences
between the planned and actual accomplishments. This phenomenon is found not
only among activities of lower priority but also among activities of higher
priority, such as those in the limited category. In order to implement an
effective fuel conservation program, it is essential that planned accomplish-
ments be completed within a reasonable level of variation.
Adherence to planned accomplishments can also mean overall energy and
cost savings in the long run. Deferring maintenance would cause further
deterioration of highways and consequently would require more elaborate
maintenance in the future. This would result in additional costs and energy
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use.
Table 6.1 compares percent accomplishment rates of shallow patching and
crack sealing of the subdistrlcts in Indiana in fiscal year 1984. In order to
avoid bias caused by the existence of interstates in some of the subdistrlcts,
only the data for other state highways (OSH) were used for the comparison.
Crack sealing is in the limited category, whereas shallow patching is in the
unlimited category.
The table shows that 10 of the 37 subdistrlcts fell short of the planned
accomplishment of crack sealing by more than 10% in fiscal year 1984. Two
subdistrlcts completed only one-third of the planned accomplishments. These
ratios become worse in the case of the unlimited category. As for shallow
patching, 27 of the 37 subdistrlcts did not complete planned accomplishments
by more than 10%. The average percent accomplishment of these 27 subdistrlcts
was 65%.
Crack sealing and shallow patching are the two major activities of road-
way and shoulder maintenance. In order to prevent further deterioration by
falling short of the planned accomplishments, a maintenance policy which sets
a minimum value of percent accomplishment may be established wherever possi-
ble. Those activities which have man-hours as production units encounter dif-
ficulty in setting such a criterion unless production units can be given in
objective measurement units other than man-hours. Therefore, activities in
the roadway and shoulder area can be the best candidates for establishing such
policies. This process should help identify what maintenance activities have
the highest priority and where fuel should be allocated when an emergency cur-
tail in fuel use is to be effected.
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Table 6.1. Comparison of Planned Accomplishment with Actual Accomplishment
for Activity 201 & Activity 207 (OSH in FY198A only)













1 1 Terre Haute 1 ,125 1,048 93 144 128 89*
2 Crawfordsvilie 450 243 54* 117 76 6 5*
3 Fowler 840 814 97 171 186 109
A Frankfort 405 342 85* 135 156 116
5 Greencastle 830 521 63* 132 lOA 79*
6 Veedersburg 550 680 124 147 1A8 101
2 1 Warsaw ,285 700 55* 168 170 102
2 Goshen ,515 933 62* 147 157 107
3 Fort Wayne ,020 912 89* 129 158 122
4 Angola ,255 605 48* 117 90 77*
5 Wabash ,550 1,073 69* 192 209 109
6 Bluff ton 875 921 105 135 142 106
3 1 Indianapolis 585 424 7 3* 168 51 31*
2 Greenfield 500 422 84* 159 112 71*
3 Ceiiterville 950 515 54* 14A 158 110
4 Anderson 333 306 92 llA 39 34*
5 Tipton 745 380 51* 180 185 103
6 Ridgeville 780 572 73* lAl 142 101
A 1 La Porte 830 569 69* 159 206 130
2 Monticello 935 858 92 138 1A2 103
3 Plymouth 1 ,500 1,877 125 189 199 105
A Rensselaer 835 633 76* 129 123 96
5 Valparaiso 855 573 67* 156 177 llA
6 Winamac 1 ,305 1,135 87* 138 151 110
7 Gary 1 ,095 1,026 94 129 102 79*
5 1 Aurora 1 ,190 663 56* 147 113 77*
2 Blooml ngton 850 658 7 7* lAA 162 113
3 Columbus 650 283 44* 132 186 lAl
A New Albany 975 688 71* 141 150 107
5 Madison 500 172 34* 168 235 lAO
6 Seymour 1 .405 904 64* 165 227 138
6 1 Li n t on 675 402 60* 2A6 276 112
2 Dale 505 336 67* 2 58 30A 118
3 Evansvllle 500 337 67* 273 219 80*
A Paoll 525 342 65* 267 300 113
5 Branchville 500 450 90 177 223 126
6 Petersburg 440 430 98 267 271 102
Note: Subdlsrlct with the actual accomplishment less than the planned
accomplishment by more than 10%.
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Maintenance Planning
The importance of adhering to planned accomplishments was stressed in the
preceding section. Such policy is meaningful only when the planned accom-
plishments truly reflect actual needs of maintenance. Where the difference
between the planned and actual accomplishments is too large, there can be two
possible reasons. One of them is that the procedure for assessing maintenance
may not be satisfactory. The other is that subdistricts may not be careful in
meeting the plan they set up.
A study on the assessment of routine maintenance needs currently underway
at Purdue should provide the essential information necessary to develop pro-
cedures for better estimating routine maintenance needs. Once an improved
assessment procedure is established, the next step is to supervise subdis-
tricts so that they would complete at least the minimum percent accomplishment
requirements which can be set as part of the maintenance policies.
Where true needs are correctly assessed and deficiencies are corrected in
due time, the estimate of fuel use can be accurately made and the implementa-
tion of appropriate measures for fuel conservation can be effective. Further-
more, priorities of various maintenance work may be taken into account and the
amount of low priority activities can be reduced when an emergency fuel reduc-
tion program has to be implemented.
Work Practices
There are two areas in work practices that can be considered. Their
objectives are indirectly related to energy conservation. However, considera-
tion of these areas can, in the long run, contribute to the reduction of
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overall fuel use in routine maintenance.
Increase in Productivity
A statistical analysis conducted in the study showed that some subdis-
tricts have chronically low productivity. Routine maintenance consists of
three components, fuel, material, and labor. As shown in Figure 6.2, labor is
a very vital part in maintaining productivity. Excess labor can be used for
completing other maintenance activities. A careful use of labor resource
should help complete more important activities as they were planned and should
contribute to overall cost savings.
A comparison of average productivity of shallow patching and crack seal-
ing was made to identify the productivity levels of the 37 subdistricts, using
the data of fiscal years 1982, 1983, and 1984. To reduce the data to a common
ground, production/worker /crewday was also used. Table 6.2 shows a comparison
of production/crewday , workers/crewday , and production/worker/day for shallow
patching and crack sealing among the 37 subdistricts. In this study, subdis-
tricts with production rate less than the rate which is one standard deviation
minus the state average, was considered as low productivity subdistricts. It
can be seen in Table 6.2 that in 1984 there were several subdistricts that had
low productivity in either sealing or patching or both activities.
A two-way ANOVA (analysis of variance) was run to see whether the differ-
ence of productivity among the subdistricts was significant. Annual averages
of production/crewday and production/worker /crewday of the fiscal years 1982,
1983, and 1984 were used. Since there was only one value (annual average pro-
ductivity data) per each treatment combination ("year" and "subdistrict") , the
Tukoy One Degree of Freedom Test [28,29] was used to estimate the interaction
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Table 6.2. Comparison of Average Productivity of Shallow Patching
and Crack Scaling among Subdistricts (OSH only)
nisc Subdlstrlct Act. 201-Shan ow Patching Act. 207-Crack Seall IR
(Tons of Mix) (Lane Miles)1
Product 1 on/ Workers1/ Production/ Production/ Workers/ Product 1 on/
Crewday Crewday Worker/Day Crewday Crewdaly Worker/Day
1 1 Terre Haute 4.70 ** 6.00 ** 0.78 2.58 7,56 * 0.35 A*
2 CrawfordsvlUe 2.96 A 5.65 0.52 * 2.19 9.02 0.24 *
3 Fowler 4.73 ** 5.55 0.85 2.29 * 8.60 * 0.27 *
t, Frankfort 3.55 5.48 0.65 2.65 9.29 0.28
3 Grecncastle 2.90 * 5.93 *• 0.49 * 2.69 9.00 0.30
6 Veedersburg 4.53 5.50 0.82 2.90 10.52 *• 0.28
2 1 Warsaw 4.10 5.50 0.74 2.17 * 9.71 0.22 *
2 Goshen 5.08 ** 5.02 1.03 ** 2.89 9.89 0.29
3 Fort Wayne 4,96 • * 5.46 0.91 3.09 9.27 0.33
/. Angola 3.83 4.18 * 0.92 ** 3.03 9.10 0.33
3 Wabash 3.95 5.20 0.76 2.70 9.58 0.28
h Bluffton 4.31 5.98 ** 0.72 3.01 8.76 0.34
3 1 Indianapolis 3.06 * 5.43 0.56 * 2.90 10.50 ** 0.28
2 Greenfield 4.00 5.94 ** 0.67 2.37 * 9.63 0.25 A
3 Centervllle 3.99 6.13 ** 0.65 2.65 11.22 ** 0.24 *
4 Anderson 2.43 • 5.95 ** 0.4 1 * 2.50 * 9.87 0.25 A
5 Tipton 3.36 5.56 0.60 2.82 8.29 * 0.34
6 Rldgevllle 3.91 4.62 * 0.85 1.99 * 7.83 * 0.25 A
U
1 1 .iPiirl r 3.79 5.16 0.73 2.78 10.46 *• 0.27 A
2 Monticello 3.90 4.91 0.79 3.42 ** 10.37 ** 0.33
3 Plymouth 4.34 4.93 0.84 2.80 9.83 0.29
4 Rensselaer 4.35 5.28 0.82 2.94 9.50 0.31
3 Valparaiso 4.99 ** 5.19 0.96 3.06 9.73 0.31
6 Wlnamac 4.61 ** 5.09 0.90 3.28 ** 11.56 0.29
7 r,ary 4.03 5.51 0.73 2.81 9.98 0.28
i 1 Aurora 3.16 4.04 * 0.76 2.52 8.95 0.28
2 Bloomlngton 5.51 * 4.16 * 1.32 3.13 10,54 ** 0.29
3 Columbus 2.54 * 4.80 0.52 * 3.42 *• 9.16 0.37 A*
4 New Albany 3.91 4.60 * 0.85 3.09 9.80 0.32
5 Madison 2.89 A 5.08 0.57 3.03 9.77 0.31
6 Seymour 4.29 4.71 * 0.92 ** 3.30 ** 8.61 * 0.38 AA
6 1 Linton 3.11 * 5.64 0.55 * 3.63 »* 9.55 0.38 AA
2 Dale 3.18 5.62 0.56 • 3.26 8.77 0.37 AA
3 Evansville 3.80 5.61 0.68 3.25 8.97 0.37 AA
4 Paoll 3.53 5.28 0.67 3.36 ** 9.60 0.35 AA
r Rranrhv] 1 le 3.95 6.12 ** 0.65 3.34 ** 9.46 0.35 AA
6 Petersburg 3.42 5.20 0.66 2.93 8.32 * 0.35 AA
State Average 3.88 5.29 0.74 2.89 9.48 0.31
Standard Deviation 0.73 0.54 0.18 0.39 0.86 0.04
Note: * _
** _
Lower than or on the border of one standard deviation minus the
state average.
Higher than or on the border of one standard deviation plus the
state average.
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of year with subdist rict
•
Tlu' Interaction of year with subdistrlot was significant at a 5% signifi-
cance level for shallow patching. The data transformation was attempted. It
was found that common logarithm (log ) would be most effective to reduce the
interaction effect. After transformation, the interaction remained signifi-
cant for the production/crewday data, but its effect was reduced. The year
factor for product ion/worker /day became insignificant at a 5% significance
level after the transformation. The difference of productivity among the sub-
districts was strongly significant before and after the transformation. It
can be said that productivity of shallow patching was statistically different
among the subdlstricts . As for the productivity of crack sealing, the year
factor and the interaction of year with subdistrict were not significant at a
5% significance level, but the subdistrict factor remained statistically sig-
nificant .
Tl\e statistical analysis showed that a subdistrict with a high
production/crewday did not always have a high production/worker/crewday.
Therefore, scattergrams of these two factors were made for shallow patching
and crack sealing, as shown in Figures 6.3 and 6.4, respectively. These scat-
tergrams indicate that an increase in the number of workers/crewday per
activity does not necessarily increase production/crewday.
Quality Control
The issue of productivity improvement also brings up the question of
quality control. Field observations conducted during the study revealed
strong needs for quality control. Procedures for proper repair works are dis-
cussed in manuals such as those published by the Asphalt Institute [30].
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Figure 6.4 fiverage Product ion/Lrewday vs. Workers.'Crewday of Shallow
Patching (37 Subdistricts for FY82. 83, ac84:
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Figure h.5 Average Product iori,'1I:rewdav vs. Workers/Crewday of Crack
Sealing (37 Subdistricts for FY32, 83, & 84)
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However, in the field these standard procedures are not always fully followed.
Diversions from the standard may be caused due to a lack of equipment, lack of
personnel, or lack of training. If the standard procedure for maintenance Is
closely followed, it may require more time and the productivity per day may
become lower than the current level. However, repairs of better quality
should eventually reduce overall maintenance needs in the future.
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CHAPTER 7
CONCLUSIONS AND SUGGESTIONS FOR IMPLEMENTATION
The study was conducted in three phases. In the first phase a field sur-
vey was performed to identify fuel consumption rates of various equipment
types when used in different routine maintenance activities. The survey
included a detailed data collection program in FY 1982 in six subdistricts of
the Indiana Department of Highways (IDOH). Based on the analysis of the field
data, the following conclusions were made:
1. Motor fuel is the most expensive single material used in routine mainte-
nance.
2. Snow and ice removal is the single major fuel consuming activity. How-
ever, this activity is entirely weather dependent and it cannot be con-
trolled in the same manner as other activities.
3. For various reasons, frequency of equipment use is significantly dif-
ferent from subdistrict to subdistrict for most activities.
4. Frequency of equipment use is considerably different from season to sea-
son.
5. The assumption of a standard fuel consumption rate for equipment types
can be grossly erroneous,
6. Appropriate fuel use information should be incorporated in maintenance
data recording system.
136 -
The second phase of the study focused on pavement maintenance. A data
base was prepared utilizing the IDOH routine maintenance records from fiscal
years 1980 through 1983, traffic data, road life information, and climatic
information. A set of pavement maintenance cost prediction models was
developed for both the total cost and the cost for patching and scaling
groups. On the basis of the analysis, the following conclusions were made:
1. A high correlation was observed between pavement maintenance costs in a
year and the average of maintenance costs in the previous two or three
years .
2. It was found that the level of expenditure in patching activity in a fis-
cal year was negatively correlated with the expenditure in sealing
activity during the same fiscal year.
3. Pavement maintenance cost in the northern zone of Indiana could be as
much as 40% more than that in the southern zone. However, this ratio was
found to be a function of traffic level.
4. A possible savings of about 5,500 to 28,000 gallons of fuel per year can
be achieved through an increased level of sealing activity.
5. The information developed in the study can also be used to assess the
effect of different resurfacing timings on the level of pavement routine
maintenance costs.
The objective of the final phase was to answer the following ques-
tions:
1. On what types of maintenance activities should energy conserva-
- 137 -
tion programs focus first?
2. lifhat types of maintenance equipment must be included in energy
conservation programs?
3. What type of equipment should be assigned to which activity In
order to minimize fuel consumption?
4. What is the optimal mix of equipment fleet in a subdistrict?
5. What are the possible actions that can be taken to effect
energy conservation and cost savings in routine maintenance?
A trend analysis of fuel use was conducted on the basis of the mainte-
nance data from fiscal years 1981 through 1984 using the equipment usage and
fuel consumption rates developed in the first phase of the study. An optimi-
zation model was then developed for optimal assignment of the equipment fleet
to maintenance activities. The use of the model was illustrated through an
example application. A set of guidelines was then outlined that can be used
to develop strategies for energy conservation and cost savings in routine
maintenance. The major findings of the final phase of the study are mentioned
below:
1. Out of 63 activities excluding the snow and ice removal, thirteen activi-
ties use about 70% of the total fuel consumed in routine maintenance.
Similarly, 13 equipment types out of 79 use up to about 95% of the fuel.
These activity and equipment types are the ones that should be considered
first in a conservation program.
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2. Some equipment types are interchangeable to do the same task. Equipment
types used for haulin;^ materials are the ones which are most frequently
interihanj'.ed . These equipment types are also amon^', the major lueL con-
suming and they should contribute most to energy conservation.
3. Maintenance of Class 2 highways (OSH) in Indiana requires a large portion
of fuel compared to Class 1 highways (IS). However, consumption rate per
mile per year is much higher on IS than that on OSH.
4. Routine maintenance activities excluding snow and ice removal on the
state highway system require about 3.3 million gallons of fuel and this
amount has remained stable during the last few years.
'^. A mathematical optimization technique can bt^ applied to the maintenance
equipment scheduling process. Such an optimization technique can help
develop guidelines on equipment usage for minimizing total fuel consump-
tion.
Suggestions for Implementation
The following suggestions are offered for implementing the findings
of the study.
1. Hnergy conservation efforts should be first directed to major fuel
consuming equipment and activity types. Major equipment types
include pickup truck, pickup crew cab, dump truck, and do-all truck.
Major activities are those included in the road and shoulder, road-
side, and drainage maintenance groups.
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2. The road and shoulder group incurs the largest amount ofniatcrial cost.
In this group, shallow patching (Activity 201), seal coating
(Activity 205), and crack sealing (Activity 207) are the three major
material consuming activities. Since these tliree activities require
a substantial amount of bituminous materials, careful management of
these activities would not only reduce direct energy consumption,
but would also result in an overall conservation of petroleum pro-
ducts .
3. Adherence to planned accomplishments should be monitored, especially
for activities in the limited category. Limited activities include
preventive maintenance and the completion of sucli activities would
reduce the amount of corrective maintenance, contributing to energy
and cost savings.
4. The procedure for assessing maintenance needs should be improved and
strengthened to enable more accurate estimates of maintenance work.
Without a fairly accurate estimation of annual accomplishments and
compliance with the planned accomplishments, it is difficult to
prepare plans for energy savings. It should be mentioned here that
a study is currently underway at Purdue University to develop
improved procedures to assess maintenance needs.
5. Efficient use of equipment units and selection of proper equipment
types should be emphasized. Efficient equipment use in routine
maintenance may involve the reduction of idling time. In addition,
use of equipment units which are commensurable with the task
requirement should reduce excess travel distance by reducing
- 140
unnecess.Tri ly repeated runs.
b. Diese lizat Ion of major fuel consuming equipment units should be con-
sidered, because diesel-powered engines have been found to be
economical in terms of fuel use.
7. Equipment usage guidelines based on the results of the optimization
model should be incorporated into the daily scheduling routine. A
procedure similar to the current activity scheduling process can be
used. Such guidelines would help minimize fuel use, if closely fol-
lowed. Also, if incorporated, the program would be able to indicate
when and what additional units would be necessary at a subdistrict.
Benef i ts of Implementing Suggested Energy Conservation Measures
The expected benefits of the implementation of the suggested energy
conservation measures can be substantial. Cost savings accrued from the
suggested conservation efforts would pay back the costs for conducting
and implementing the study in a short period. The total study cost was
$79,001) for three years and some additional cost can be expected for
implementation. However, the implementation does not call for any radi-
cal change in the existing maintenance management process. Thus, the
additional cost for implementation will not be substantial. Furthermore,
the actual additional cost for implementation will depend on the specific
measures undertaken. Assuming the implementation would require the
equivalent of one half man-year, the range of implementation cost can be
expected to be $15-20,000 per year. However, the expected benefits of
the proposed measures would far exceed the additional cost.
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Fuel savings that can be derived from optimizing the use of five
m.ijor e(niipment types (pickup truck, pirkuj) crew cab, utility truck, dumji
truck and do-all truck) was estimated to be about 6,570 gallons in one
year for the example subdistrict used in the study. Although there are
variations among subdistricts, a simple multiplication of the number of
subdistricts (37 subdistricts in Indiana) would result in a savings of
about 243,000 gallons of fuel every year. In addition to this reduction,
fuel savings can be achieved by various actions within maintenance
management. For example, a 10% increase of sealing activities could save
about 11,000 gallons of fuel every year.
Fuel savings from other maintenance management efforts are difficult
to estimate at present because of various factors that are involved.
However, if it is assumed that a saving of merely 1% of the total amount
of fuel consumed for routine maintenance can be achieved by maintenance
management, approximately 35,000 gallons of fuel can be saved. When
these fuel savings are added up, upto approximately 289,000 gallons of
fuel can be saved each year. This can amount to $217,000 to $578,000 of
cost savings every year if the fuel price ranged from $0.75 to $2.00 per
gallon, respectively. At the minimum, if one assumes only 1% of fuel use
in specific routine maintenance activities considered in the study can be
saved, cost saving would reach $26,250 to $70,000 every year with the
fuel price ranging from $0.75 to $2.00 per gallon, respectively. It is
obvious, therefore, the cost of the study and possible subsequent imple-
mentation would be paid back in a few years once energy conservation pro-
grams were put into practice.
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Recommendations for Further Study
Based on the findings of this study the following areas are recom-
mended for further study:
1. Only a few types of maintenance activities and equipment account for
a signit leant part of total maintenance cost and energy consumption.
For the most costly maintenance activities, Shallow Patching (201),
Deep Patching (202), and Sealing Cracks (207), a value engineering
analysis is recommended to investigate components of these activi-
ties and to identify what could be done to make these repairs
cost-effective and long lasting. In such analysis, use of major
equipment types should be also monitored and evaluated.
2. The trade-off relation between crack sealing and shallow patching
was obtained through statistical analysis on available expenditure
data. A field experiment is recommended to be designed such that
these relationships can be evaluated under controlled field condi-
tions .
3. The optimization techniques developed in this study require manual
operations to prepare input data files. Additional work is neces-
sary to develop appropriate computer programs to prepare the input
data which can be fed into available linear programming packages.
Such programs are desired to be of interactive type requiring simple
querries from the user.
4. A micro-computer based computer package needs to be developed to
transfer the research findings into practice. This package would
include a check list of actions that can be pursued in energy and
cost saving measures. Each action can then be evaluated in terms of
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